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Abstract 

During  the  period  of  7/1/2008  12/31/2008.  we  performed  the  following  studies  on  radar 

sensor  network  and  other  related  areas: 

1.  Radar  Sensor  Network  Using  A  New  Tri phase  Coded  Waveform:  Theory  and  Application; 

2  Sense-Through -Wall  Channel  Modeling  Using  UWB  Noise  Radar 

3  Optimized  Punctured  ZCZ  Sequence- pair  Set  Design,  Analysis  and  Application  to  Radar 
System; 

1  A  Triphase  Codetl  Waveform:  Design.  Analysis  and  Application  tp  Radar  System; 

5.  Combined- Jamming  Interference  Analysis  for  FH/MFSK  Multi-Radio  Wireless  Mesh  Net 
works; 

().  Passive  Geolocatiou  of  RP  Emitters  by  Netcentric  Small  Unmanned  Aerial  Systems  (SUAS). 


1  Radar  Sensor  Network  Using  A  New  Triphase  Coded  Wave¬ 
form:  Theory  and  Application 

In  radar  sensor  network  (RSN),  interferences  among  radars  can  be  effectively  reduced  when  wave¬ 
forms  arc  properly  designed  In  [  1  ] [5] .  we  firstly  performed  some  theoretical  studies  on  coexistence 
of  phase  coded  waveforms  in  RSN.  Then  we  gave  the  definition  of  new  kind  of  triphase  coded  vvave- 
fonnsoptimized  punctured  Zero  Correlation  Zone  sequence-Pair  Set  (ZCZPS)  and  analyze  their 
properties  especially  their  optimized  cross  correlation  property  of  any  two  sequencepairs  in  the 
set.  Besides,  we  applied  our  newly  provided  triphase  coded  waveforms  and  equal  gain  combination 
technique  to  the  system  simulation  and  study  the  performances  versus  different  number  of  radars 
in  RSN  under  the  condition  of  either  Doppler  shift  or  time  delay.  Simulation  results  showed  that 
detection  performances  of  RSN  (applying  our  optimized  punctured  ZCZPS  and  equal  gain  combi¬ 
nation)  with  or  without  Doppler  shift  are  superior  to  those  of  singler  radar.  In  [9],  similarly  to  the 
RSN.  we  extended  our  design  to  underwater  sonar  sensor  networks. 
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2  Sense-Through- Wall  Channel  Modeling  Using  UWB  Noise  Radar 


Sensing- through-wall  will  benefit  various  applications  such  as  emergence  rescues  and  military  op¬ 
erations.  In  order  to  add  more  signal  processing  functionality,  it  is  vital  to  understand  the  char¬ 
acterization  of  sense- through- wall  channel.  In  [2].  we  proposed  a  statistical  channel  channel  model 
on  a  basis  of  real  experimental  data  using  UWB  noise  radar.  We  employ  CLEAN  algorithm  to 
obtain  the  multipath  channel  impulse  response  (C1R)  and  observe  that  the  amplitude  of  channel 
coefficient,  at  each  path  can  be  accurately  characterized  as  T  location-scale  distribution.  We  also 
analyzed  that  the  multipath  contributions  arrive  at  the  receiver  are  grouped  into  clusters.  The 
time  of  arrival  of  clusters  can  be  modeled  as  a  Poisson  arrival  process,  while  within  each  cluster, 
subsequent  multipath  contributions  or  rays  also  arrive  according  to  a  Poisson  process.  However, 
t  hese  arrival  rates  are  much  smaller  than  those  of  indoor  UWB  channels. 


3  Optimized  Punctured  ZCZ  Sequence-pair  Set:  Design,  Analysis 
and  Application  to  Radar  System 

Based  on  the  zero  correlation  zone  (ZCZ)  concept,  in  [3]  we  presented  the  definition  and  properties  of 
a  set  of  new  triphase  coded  waveforms  ZCZ  sequence-pair  set  (ZCZPS)  and  propose  a  method  to  use 
the  optimized  punctured  sequence- pair  along  with  Hadamard  matrix  in  the  zero  correlation  zone  in 
order  to  construct  the  optimized  punctured  ZCZ  sequence-pair  set  (optimized  punctured  ZCZPS). 
According  to  property  analysis,  the  optimized  punctured  ZCZPS  has  good  autocorrelation  and 
cross  correlation  properties  when  Doppler  shift  is  not  large.  We  apply  it  to  radar  target  detection 
The  simulation  results  showed  that  optimized  punctured  ZCZ  sequence- pairs  (optimized  punctured 
ZCZPs)  outperform  other  conventional  pulse  compression  codes,  such  as  the  well  known  polyphase 
codeP4  code. 


4  A  Triphase  Coded  Waveform:  Design,  Analysis  and  Application 
tp  Radar  System 

In  [4],  we  presented  new  developed  tripliase  code  punctured  binary  sequence-pair.  The  definitions 
and  the  autocorrelation  properties  of  the  proposed  code  are  given.  Doppler  shift  performance  is  also 
investigated.  The  significant  advantages  of  punctured  binary  sequencepair  over  conventional  pulse 
compression  codes,  such  as  the  widely  used  Barker  codes,  are  zero  autocorrelation  sidelobes  and  the 
longer  length  of  the  code  which  can  be  as  long  as  31  so  far  Applying  the  codes  in  the  radar  target 
detection  system  simulation,  punctured  binary  sequencepair  also  outperforms  other  conventional 
pulse  compression  codes.  Therefore,  our  proposed  code  can  be  used  as  good  candidates  for  pulse 
compression  code. 

5  Combined- Jamming  Interference  Analysis  for  FH/MFSK  Multi- 
Radio  Wireless  Mesh  Networks 

For  the  past  decades,  the  performances  of  frequency- hopping  systems  under  various  jamming 
strategies  have  been  investigated.  In  [6],  we  considered  the  performance  of  the  noncoherent  slow 
frequency-hopping  system  with  M-ary  frequencyshift-  keyed  modulation  (NC-FH/MFSK)  under 
independent  rnultitone  jamming  (IMTJ)  and  under  partial-band  jamming  (PBJ).  The  exact  BER 
expressions  of  the  system  under  each  jamming  strategy  are  derived.  Then,  we  combine  tin?  two 
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expressions  together  to  develop  a  new  interference  model  for  multi-radio  frequency-hopping  wire¬ 
less  mesh  networks  (MR.-FB  WMN).  Because  it  takes  into  account  both  the  cochannel  arid  the 
eoexisting-network  interferences  the  new  interference  model  thus  reflects  a  very  realistic  interfer¬ 
ence  situation  and  it  can  be  incorporated  to  the  channel  assignment  (CA)  algorithms  to  assign 
appropriate  channels  (or  hopping  pattern,  in  our  case)  to  interfaces  of  the  routers  in  the  mesh 
network.  In  addition,  we  also  compare  the  performances  of  NC-FII/  IFSK  system  under  the  two 
jamming  strategies,  the  numerical  results  have  illustrated  that  PBd  is  more  effective  jamming 
strategy  than  IMTd  In[7],  we  applied  this  result  to  wireless  mesh  networks. 

G  Passive  Geolocation  of  RF  Emitters  by  Netcentric  Small  Un¬ 
manned  Aerial  Systems  (SUAS) 

Conventional  geolocation  of  RF  emitters  has  adopted  active  triangulation  methodology.  One  suc¬ 
cessful  commercial  example  is  satellite- based  global  positioning  system  (GPS).  However  the  active' 
localization  in  some  cases  can  bo  extremely  vulnerable  especially  for  battlefield  In  [8],  we  designed 
a  netcentric  Small  Unmanned  Aerial  System  (SUAS)  for  passive  geolocation  of  RF  emitters.  Each 
small  UAV  is  equipped  with  multiple  Electronic  Surveillance  (ES)  sensors  to  provide  local  mean 
distance  estimation  based  on  received  signal  strength  indicator  (R.SSI)  Fusion  center  will  determine 
the  location  of  the  target  through  UAV  triangulation.  Different  with  previous  existing  studies,  our 
method  is  on  a  basis  of  an  empirical  path  loss  and  log-  normal  shadowing  model,  from  a  wire¬ 
less  communication  and  signal  processing  vision  to  offer  an  effective  solution  The  performance' 
degradation  between  UAVs  and  fusion  center  is  taken  into  consideration  other  than  assume  lossless 
communication.  We  analyzed  the  geolocation  error  and  the  error  probability  of  distance  based  on 
the  proposed  system.  The  result  showed  that  this  approach  provides  robust  performance  for  high 
frequency  RF  emitters. 
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Abstract 

In  radar  sensor  nctwork(RSN ) }  interference  with  each  radar  can  be  effectively  reduced  when  wave¬ 
forms  arc  properly  designed.  In  this  paper,  we  firstly  perform  some  theoretical  studies  on  co-existence 
of  phase  coded  waveforms  in  RSN.  Then  we  give  the  definition  of  new  kind  of  tnphase  coded 
waveforms  optimized  punctured  Zero  Con  elation  Zone(ZCZ)  sequence -pair  set  and  analyzi  then' 
properties  especially  their  optimized  cross  coirelation  property  of  any  two  sequence -pairs  in  the  set. 
Also,  we  study  the  performances  versus  different  number  of  radars  in  RSN  under  the  condition 
of  either  doppler  shift  or  not  by  applying  our  newly  provided  triphast  coded  waveforms  and  equal 
gain  combination  technique  in  the  system  simulation.  Simulation  results  show  that  performances 
of  detection  of  multiradarsf applying  our  optimized  punctured  ZCZ  sequence-pair  set  and  equal  gam 
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combination)  either  under  the  doppler  shift  condition  or  not  arc  superior  to  those  of  single :r  radar. 
Therefore,  applying  our  optimized  punctured  ZCZ  sequence-pair  set  as  a  bank  of  phase  coded,  wave¬ 
forms  in  RSN  can  effectively  satisfy  higher  demands  criterion  for  detection  accuracy  m  modern 
military  and  security  affairs. 

1  Introduction 

A  network  of  multiple  radar  sensors  can  be  introduced  to  overcome  performance  degradation  of 
single  radar  along  with  waveform  optimization.  This  network  of  radar  sensors  should  operate  with 
multiple  goals  managed  by  an  intelligent,  platform  network  that  can  conbine  waveform  diversity  to 
meet  common  goals  of  platform,  rather  than  each  radar  to  operate  independently. 

Much  time  and  effort  have  been  put  in  waveform  design  Bell  1  who  introduced  information 
theory  to  radar  waveform  design,  concluded  that  distributing  energy  is  a  good  choice  to  better  detect 
t  argets,  Sowelam  and  Tewfik  [2]  applied  a  sequential  experiment  design  procedure  to  selec  t  signal 
for  radar  target  classification.  In  their  work  each  waveform  selected  maximizes  the  KullbackLeihler 
information  number  that  measures  the  dissimilarity  between  the  observed  target  and  the  alternative 
targets  in  order  to  minimize  the  decision  time.  However,  all  the  above  researches  only  focused 
on  a  single  active  radar.  In  [3] .  Liang  studied  constant  frequency  (CF)  pulse  waveform  design 
and  proposed  maximum-likelihood  (ML)  automatic  target  recognition  (ATR)  approach  for  both 
norifluctuaing  and  fluctuating  targets  in  a  network  of  multiple  radar  sensors.  In  [4] .  RSN  design 
based  on  linear  frequency  modulation  (LFM)  waveform  w as  studied  and  LFM  waveform  design 
was  applied  to  RSN  with  application  to  ATR  with  delay-doppler  uncertainty  by  Liang  as  well. 

1  Liang  [5]  provided  an  orthogonal  waveform  model  for  RSN.  which  eliminates  interference  when 
there  is  no  doppler  shift.  They  designed  both  coherent  and  noncoherent  RSN  detection  systems 
which  can  apply  equal  gain  combination  technique  performed  by  cluster  head  to  take  the  advantage 
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of  spatial  diversity.  In  [6].  binary  coded  pulses  using  simulated  annealing  in  RSN  are  highlighted. 
Nevertheless,  the  radar  sensor  network  using  phase  coded  waveforms  has  not  been  well  studied. 
In  this  paper,  we  firstly  theoretically  study  RSN  design  based  on  phase  coded  waveforms:  the 
conditions  for  vaveforms  co-existence.  Then  we  apply  our  newly  proposed  triphase  code  optimized 
punctured  ZCZ  sequence-pair  set  to  RSN.  We  perforin  studies  on  the  codes*  properties,  especially 
the  cross  correlation  property  and  analyze  the  performance  of  optimized  punctured  ZCZ  sequence- 
pairs  in  RSN  system  under  the  environment  of  doppler  shift  and  time  delay  for  each  transmitting 
radar  sensor.  According  to  the  Monte  Carlo  simulation  results,  RSN  based  on  optimized  punctured 
ZCZ  sequence- pairs  provides  promising  detection  performance  much  better  than  that  of  single 
radar,  in  terms  of  probability  of  miss  and  false  alarm  detection. 

The  rest  of  the  paper  is  organized  as  follows.  In  Section  2.  we  study  the  coexistence  of  phase 
coded  waveforms.  Section  3  introduces  the  definition  and  properties  of  our  newly  provided  triphase 
cotied  waveform- optimized  punctured  ZCZ  sequence-pair  set.  especially  the  outstanding  cross  cor¬ 
relation  property.  In  Section  4.  we  study  the  performance  versus  the  number  of  radars  in  RSN 
either  under  the  condition  of  doppler  shift,  or  not  by  applying  our  triphase  coded  waveforms  and 
equal  gain  combination  technique  in  the  system  simulation.  In  Section  5,  conclusions  are  drawn  on 
radar  sensor  network  using  our  optimized  punctured  ZCZ  sequence-pairs. 

2  CO-EXISTENCE  OF  PHASE  CODED  WAVEFORMS  IN  RSN 

in  RSN,  radar  sensors  are  likely  to  interfere  with  each  other  and  the  performances  may  be  bad  if 
their  waveforms  are  not  properly  designed.  Orthogonality  can  be  introduced  as  one  criterion  for 
the  phase  coded  waveforms  design  in  RSN  to  make  them  co-existence. 
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The  phase  coded  waveform  can  be  defined  as 


A'  -  1 


N-  1 


T(t)  =  55  x(n)(t  "  n7>)  =  XI  exPti2*P{n)(t  -  nrc)) 


n=0 


rj  —  0 


(i) 


Here,  0  <  t  <—  tc. 

The  periodic  autocorrelation  property  of  the  phase  coded  waveform  here  is 
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Accordingly,  it  is  easy  to  see  that 
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7TTc(/?(n)  -  /3(n"m))  =  Att.  A  =  1,2,3. 


(3) 


We  assume  there  are  jV  radars  networking  together  in  a  self-organizing  fashion  in  our  RSN.  The 
radar  i  transmits  a  waveform  as 

A’-  1  N- 1 

*i(0  =  55  ~  nl>)  =  55  ^p(i27r/91(,,)(t  -  nrc))  (4) 

n— 0  7i  =  0 


Here4,  ()</<  =  rc. 

When  the  phase  coded  waveforms  are  orthogonal  to  each  other,  the  interference  from  one 
waveform  to  the  other  can  be  minimized  or  even  removed.  The  cross  correlation  between  Xi(t)  and 
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l'j(t)  could  be 
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The  optimized  cross  correlation  is  that  of  orthogonal  waveforms 


According  to  the  property  of  biphase  coded  waveforms  whose  phase  state  is  either  0  or  7i\  it  is  easy 
to  see  that  tt tc(/3^  =  kn,k  =  1.2,3....  So  the  equation  (6)  can  be  easily  proved  to  be  zero, 

when  ?  /  j.  As  a  result,  biphase  coded  waveforms  which  are  orthogonal  to  each  other  can  work 
well  simultaneously  in  Radar  Sensor  Network. 

Nevertheless,  there  are  time  delay  and  Doppler  shift  ambiguity  that  will  introduce  interference 
to  waveforms  in  RSN  Ambiguity  function  (AF)  [7]  is  usually  used  to  succinctly  characterize  the 
behavior  of  a  waveform  paired  with  its  matched  filter.  So  it  is  an  anlytical  tool  for  waveform  design 
especially  there  are  time  delay  and  Doppler  shift  ambiguity. 

The  matched  filter  for  waveform  :z;(£)  is  x*(-£).  Since  the  property  performance  we  analyzed  in 
this  paper  is  the  periodic  one,  the  ambiguity  function  for  a  single  radar  is  modified  and  different 
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from  the  one  in  |7]  The  ambiguity  function  of  phase  coded  waveform  here  can  be 


A(t.  Fd) 

=  |  f  x(t)exp(j2n  Fpt)x' (t  -  r)dt\ 

J  —OJ 

Nz !  f-  |+(n  +  l)Tr 

=  I  Yl  /  csp\j2~i){n)(t  -  nrc) 

7i =m  J-j+nrc 

-j2nj3,l~m(t  nrt •  +  T  mTc)  +  j2n  Fpt]dt\ 

F  ~ 1  y 

=  |rr  ^  exp|j27r|j3(n_m)(-9  f  ?n  -  l)rr 

T1  —  7JJ 

+/?<n)(-  vv  +  *)Tc  +  fb(~Y  +  n  +  0Tc 

sinc|rc(/i<’,>  -  -+  Fd)]| 


(8) 


When  it  is  satisfied  that 


nrc(/3iu)  -  J(,‘  f  Fp)  =  k 7T,  A-  =  1.2,3..  (9) 

the  amplitude  of  ambiguity  function  turns  to  be  zero.  In  some  other  words,  based  on  the  result  of 
(3).  A(t ,  Fp)  —  0,  when  Fp  —  £ .  k  =  0. 1, 2... 

In  the  RSN.  all  the  radar  sensors  are  transmitting  signals,  the  radar  ?  not  only  receives  its 
own  back-scattered  waveform,  but  also  scattered  signals  generated  by  other  radars  which  caused 
interference  to  radar  i.  Considering  interference  from  another  radar  j,  if  there  are  time  delay  and 
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Doppler  shift,  the  ambiguity  function  of  radar  i  is 


A(t.Fd„FDj) 

=  I  /  \x,{t)cxp(j2nFDtt) 

J  —  CO 

+xJ(t)exp(j2nFojt)]x„(t  r)d/| 


A'-l 


=  I Tc  Y 1 exp\j2n\pln  m)(y  f  m  1  )tc 


\-ft\  —  +  1)tc  +  F/jt(—  —  i  n  t  l)rc]] 

sinclMfl^  -  t~m)  +  F»,)} 

+exp\j2-n\0l"~m) +  m  -  l)rc 

+Pj  *(~7f  +  1 )Tc  +  +  n  +  1  )T<~]] 


(10) 


The  number  of  radars  can  be  extended  to  M  in  an  RSN.  Assuming  each  radar  has  no  time 
delay,  /]  —  /. 2  =  t\i  —  0  and  considering  interferences  from  all  the  other  M  —  1  radars.  Assuming 
time  delay  r  for  receiving  radar  i ,  the  ambiguity  function  of  radar  i  with  phase  coded  waveform 
can  be 


A(t  I'd,  .  fdm  ) 

/(V)  M 

Y  Xj(t)exp(j2ir FDit)x" (t  r)dt\ 

00  j=\ 

M  N- 1  . 

\tcY  Y  exP\j2*\Pin'  m)(-.y  +  m  1  )tc 

j-  1 

+Pj  +  l)Tr  +  ^Dj  ( “  -J  T  I*  +  ^ ) Tr ] 

+  FDj))| 


(11) 


Here.  0  <  ?  <_  A/.  (11)  consists  of  two  parts:  useful  signal(reflected  signal  from  radar  i  waveform). 
j  =  1  part  in  the  (11);  and  interferences  from  other  A/  1  radar  waveforms,  j  ^  ?  parts  in  (11). 


3  Perfect  Punctured  ZCZ  Sequence-Pair  set 


Zero  correlation  zone(ZCZ)  is  a  new  concept  provided  by  Fan  [8]  [9]  [10]  in  which  both  autocorrela¬ 
tion  and  cross  correlation  sidelobes  are  zero  while  the  time  delay  is  kept  within  the  Zero  Correlation 
Zone  instead  of  the  whole  period  of  time  domain. 

Matsnfuji  and  Torii  have  provided  some  methods  of  constructing  ZCZ  sequences  in  [11]  [12].  In 
this  section,  we  apply  optimized  punctured  sequence-pair  [13]  in  zero  correlation  zone  to  construct 
a  new  kind  of  triphase  code-optimized  punctured  ZCZ  sequence-pair  set.  The  newly  provided 
triphase  code  which  has  good  autocorrelation  and  cross  correlation  properties  in  ZCZ  can  be  good 
candidate  for  phase  coded  waveforms  in  RSN. 


3.1  The  Definition  of  Optimized  Punctured  ZCZ  Sequence-Pair  Set 

Definition  3-1  Assmne(:rj^.  y\p^)  to  be  sequence-pair  set  of  lengt  h  N  and  the  number  of  sequence- 

pairs  K .  where  p  =  1,2,3,  ...,7V  -  l.z  —  0. 1.2 . K  1  if  all  the  sequences  in  the  set  satisfy  the 

following  equation: 


N-\ 

K'Z(v)y(<l)  (T)  — 

1=0 


,  =  v  u{p)x{q)' 

i  *qt +T)mod(N)  /  ^  A  (i+T)mod(N) 

1=0 


A  TV,  for  r  —  0  p  =  q 

—  (  0,  for  r  =  0,p  ^  q  0~) 

0,  for  0  <  |r|  <  Zo 

where  0  <  A  <  1.  then  is  called  ZCZ  sequence-pair  set.  ZCZP(N,  K,Zq)  is  a  symbol  in 

short 

Definition  3-2  [13]  Sequence  v  —  (uo,  u\ . rz/v-i)  is  the  punctured  sequence  for  v  =  (rq.  v\ .  r y  j ). 


0.  if  j  e  p  punctured  bits 


Vj.  if  j  £  Non-punctured  bits 


(13) 
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Where  p  is  the  number  of  punctured  bits  in  sequence  v,  suppose  Vj  =  (  I,  1),  u  is  />punctured 
biliary  sequence,  (u.u)  is  called  a  punctured  binary  sequence-pair. 

Theorem  3-1  [13]  The  autocorrelation  of  punctured  sequence-pair  (u.  r)  is  defined 

jV-l 

Kv(r)  —  ^  ^  UiV[i+T)modN  1 0  <  T  <  N  -~1  (11) 

i=0 


If  the  punctured  sequence-pair  has  the  following  autocorrelation  property: 

/ 


Kv(r) 


E,  if  r  Ornod N 


(15) 


y  0,  others 

the  punctured  sequence-pair  is  called  optimized  punctured  sequence-pair  [13].  Where.  E  — 
uil\i+T)modN  —  N  —  p,  is  the  energy  of  punctured  sequence-pair. 

The  properties,  Fourier  spectrum  characters,  existing  necessary  conditions  and  some  construc¬ 
tion  methods  with  help  of  already  known  sequences  such  as  PN  code  have  been  proven  and  given 
out  by  Jiangf].  Many  optimized  punctured  sequence-pairs  have  been  found  of  length  from  7  to  31 
so  far.  If  in  Definition  3-1  is  constructed  by  optimized  punctured  sequence-pail  arid  a 

certain  matrix,  such  as  Hadamard  matrix  or  an  orthogonal  matrix,  where 


r\p)  €  (-1.1),  i  =  0, 1,2,...,  A7  -  I 
j i[q)  e  (  1.0. 1).  i  =  0, 1.2 . N  -  I 


yv-i 

EX(r)y(q){T)  =  ^ 

1=0 


A  —  l 


(;>)  (9)* 

i  '  (i+T)rnodN 


?=() 


AN,  for  T  =  0.  p  ~  (] 

0.  for  r  =  ()./)  ^  q 
0.  for  0  <  |r|  <  Zo 

where  0  <  A  <  1,  then  .  y^)  can  be  called  optimized  punctured  ZCZ  sequence- pair  set. 


(16) 
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3.2  Design  for  Optimized  Punctured  ZCZ  Sequence-pair  Set 


Based  on  odd  length  optimized  punctured  binary  sequence  pairs  and  a  Hadamard  matrix,  a  opti¬ 
mized  punctured  ZCZ  sequence-pair  set  can  be  constructed  on  following  steps: 

Step  1  Considering  an  odd  length  optimized  punctured  binary  sequence-pair  (u.v),  the  length 
of  each  sequence  is  A7] 

U  =  Uq.  U\  ,  ...,  U/V,  €  (-1,1). 

v  =  vq%v\ . vy, -  uvi  €  (-1,0. 1). 

?  =  0, 1,  2. ....  N\  -  1 .  A;i  odd 

Step  2  Consider  Walsh  sequences  set(Hadamard  matrix)  B.  the  length  of  the  sequence  is  A72 
which  is  equal  to  the  number  of  the  sequences.  In  some  other  words,  a  Hadamard  matrix  of  order 
No  is  considered. 

D  =  (b°,b] . bN2~l), 

V  =  (b 

j  N2,  if  i  -  ] 

Rb'U>  —  \ 

[  0.  if  i  ±  j 

Step  3  Doing  bit-multiplication  on  the  optimized  punctured  binary  sequence-pair  and  each 
line  of  Walsh  sequences  set  B(Hadamard  matrix),  then  sequence-pair  set  (A\  V)  is  obtained. 

b 1  —  (b'0,b\,  ...,b\r2  i).i  =  0. 1, ....  N 2  -  1, 

Xj  =  ^jmodNi  bjin0i{f\r7  -  0  ^  i  ^  A^2  —  1,0  <  j  <  A  1. 

X  = 

V)  =  Vjmorf/Vi  •  0  <  l  <  Ar2  -  1 . 0  <  J  <  Ar  1, 

Y  —  (?y°.  y] . j/V2  1 ) 
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Where  GCD(N\,  N2)  =  1.  common  divisor  of  N\  and  A;2  is  1,  N  =  N\  *  N2 .  I  lie  sequence-pair 
set.  (A\  V')  is  optimized  punctured  ZCZ  sequence-pair  set  and  N\  —  1  is  the  zero  correlation  zone  Zq. 
The  length  of  each  sequence  in  optimized  punctured  ZCZ  sequence-pair  set  is  N  =  N\  *  N?  that 
depends  on  the  product  of  length  of  optimized  punctured  sequence-pair  and  the  length  of  Walsh 
sequence  in  Hadamard  matrix.  The  number  of  sequence-pair  in  optimized  punctured  ZCZ  sequence- 
pair  set  rests  on  the  order  of  the  Hadamard  matrix.  The  sequence  x*  in  sequence  set  X  and  the 
corresponding  sequence  yl  in  sequence  set  Y  construct,  an  optimized  punctured  ZCZ  sequence-paii 
(r*.  t/)  that  can  be  used  as  a  pulse  compression  code.  The  phase  states  for  any  sequence-pair  among 
(.7J .  ?/)  are  -tt.O  and  7r.  Consequently,  our  newly  provided  optimized  punctured  ZCZ  sequence-pair 
is  a  new  kind  of  triphase  code.  And  optimized  punctured  ZCZ  sequence-pair  set  is  made  up  of  a 
set  of  triphase  codes. 

The  correlation  property  of  the  sequence-pair  in  optimized  punctured  ZCZ  sequence-pair  set  is: 


Rxivj{t)  =  Rxjyi(r )  =  Rnv{TmodN^)Rbibj(rmodN2) 


=  Ruv(rmoih\\  {nnodNi) 

f 

EN2:  if  t  =  0.  i  =  j 


0, 

0. 


if  0  <  |r|  <  A7i  1,  i  =  j 
if  i  +  J 


where  jV]  1  is  the  zero  correlation  zone  Zq. 
Proof: 


(17) 
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I )  When  i  —  j. 


T  =  0. 

ftmr(0)  =  £,  R»»{0)  =  N2: 

KTiyj(Q)  =  /?^(0)/?6^(0)  =  EN2] 

0  <  |  T  |  <  N,  -  1 
Ruv(r)  =  0, 

^r»vJ(T)  =  Ruv(Tmo(lE 1 )Rb'k>  {TinodiX2)  —  0: 

2)  When  i  /  j, 

T  —  0. 

^(0)  =  0, 

^yi(O)  -  /?xJyJ(0) 

=  /?tii.(r7riorfN]  )Rfrfp  (r  mod  No)  —  0: 

0  <  |r|  <  Ni  -  1. 

Ruv{r )  =  0, 

Rt1  yJ  ( T )  Rx}  y1  ( ^ ) 

=  R^uv  {rmodN  1 )  6i(  rmodN^ )  =  0. 

According  to  Definition  3-1,  the  sequence-pair  set  constructed  by  the  above  method  is  ZCZ 
sequence- pair  set. 

3.3  Properties  of  Optimized  Punctured  ZCZ  Sequence-pair  set 

(Considering  the  optimized  punctured  ZCZ  sequence-pair  set  that  is  constructed  by  the  method 
mentioned  in  the  last  part  the  autocorrelation  and  cross  correlation  properties  can  bo  simulated 
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and  analyzed  with  Mat  lab.  For  example,  the  opt  imized  punct  ured  ZCZ  sequence-pail  set  (A\  V)  is 
constructed  by  31-length  optimized  punctured  binary  sequence-pair  {u.v)%u  =  (1111  1  1  11 

ii  mi  i  i  l  n  i  n  i  mi  in  \).v  =  (iiiioooioioiiiooooiooiooiiioiio) 

and  Hadamard  matrix  H  =  [1111;  1  11  1  11  1  1,1  1  11]  of  order  1.  We  follow  the  three 

steps  presented  in  Section  3  to  construct  the  124-length  optimized  punctured  ZCZ  sequence- pair 
set  The  number  of  sequence-pair  here  is  4  and  the  length  of  each  sequence  is  31  *  4  =  124  V lie 

first  line  of  each  matrix  =  [xi ;  X2; £3;  X4]  and  Y  =  [yi ;  2/2;  Vsl  2m]  constitute  a  certain  optimized 

punctured  ZCZ  sequence-pair  (xi,yi).  Similarly,  t  he  second  line  of  each  matrix  X  and  Y  constitute 
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another  optimized  punctured  ZCZ  sequence-pair  (x2,J/2) 


.T]  =  (  1111  1-1-11  11  1111  1  l-i  l 
i  i  111-mi  in  lim-i-i 

li-ii  mi  l  i  l  n-i  n  i 

nn  in-inn  l  l  n  n  in 

11  1-1-11  1  n  —  1  —  mi  —  ill 

nn  i  —  i  —  n  —  ii  nn  i  l-i-n 

I  —  ii  —  i  —  ini  —  ni  i  ). 

»/i  =  (  11 11000101011 1000010010011 101 101 11 1000 

10101110000100100111011011110001010111 
00001001001 1 101 101 1 1100010101110000100 
1001110110  ); 

X'2  —  (  1  —  11  —  1  —  11  —  1  —  1  1  1  1-11-1 

II  -1111  —  1  —  1  —  111  -1111-1-1-1 
1-111-1111111-111  11  1  -  1-1111 

1  —  11  —  1  —  1  —  1111  11  1-11  —  1  —  1 
i  l-i  —  ii  i  n  nil  i  l-n 

l  1111-1-  1  —  11  111  -  1111111  -  111 

11-1-1-1111-1  11  1  -  1  -  111  ), 
2/2  =  (  1  11  -  1000  -  10  10  11  ■  10000100  -  1 
001  -  1101  -  10—  11  1100010101  -  110000 
100100  -  11  10  -  1101  -  11  1000  -  10 
10-  11  -  lOOOOipp  1001  1101-10-1 


1  1100010101  110000  100100-  11  10 


Optimized  punctured  ZCZ  sequence-pairs  (x  1,1/1)  and  (xo.1/2)  are  simulated  and  investigated  in 
the  following  parts. 

3.3.1  Autocorrelation  and  Cross  Correlation  Properties 

The  autocorrelation  property  and  cross  correlation  property  of  124-length  optimized  punctured 
ZCZ  sequence  pair  set  (A\  Y')  are  shown  in  Fig.l  and  Fig. 2  . 

From  the  Fig.l  and  Fig. 2,  the  sidelobe  of  autocorrelation  of  ZCZ  sequence-pair  set  can  be  as 
low  as  0  when  the  time  delay  is  kept  within  Zq  —  N\  =  31  (zero  correlation  zone)  and  the  cross 
correlation  value  is  kept  as  low  as  0  during  the  whole  time  domain. 

As  it  is  known  that  a  suitable  criterion  for  evaluating  code  of  length  N  is  the  peak  signal  to 
peak  signal  sidelobe  ratio  (PSR)  of  their  aperiodic  autocorrelation  function,  which  can  be  bounded 
by  1 14) 

\PSR](iB  <  20 logN  =  \ PSR,tmx)(iB  (IS) 

The  only  uniform  phase  codes  that  can  reach  the  PSRmax  are  the  Barker  codes  whose  length  is 
equal  or  less  than  13.  However,  the  sidelobe  of  the  new  code  in  both  Fig.l  arid  Fig. 2  can  be  as  low 
as  0.  In  some  other  words,  the  peak  signal  to  peak  signal  sidelobe  can  be  as  large  as  infinite.  In 
addition,  it  is  also  obvious  that  the  length  of  the  new  code  can  expend  to  31  that  is  much  longer 
than  the  length  of  the  Barker  code. 

3.3.2  Ambiguity  function 

When  the  transmitted  impulse  is  reflected  by  a  moving  target,  the  reflected  echo  signal  includes  a 
linear  phase  shift  which  corresponds  to  a  Doppler  shift  [7).  As  a  result  of  the  Doppler  shift  /,/. 
the  main  peak  of  the  autocorrelation  function  is  reduced  and  so  as  to  the  SNR  degradation  shown 
as  following: 
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(19) 


=  10  log 


/p7  X{s)x'(s)iis 
Jq  :v(s)e]'2* J'<Tr t' (s)ds 


In  addition,  the  sidelobe  structure  is  changed  because  of  the  Doppler  shift. 

Considering  the  sequence-pair  (x.y)  here,  the  receiving  sequence  in  ambiguity  function  is  differ¬ 
ent  from  the  echo  signal.  Furthermore,  the  periodic  correlation  is  use  here.  The  ambiguity  function 
listed  as  (9)  can  be  rewritten  as 


A(t.Fd 


x(t)txp(j2n Fpt)y*(t  -I-  T  -  r))dt 


+  [  x(t)exp(j2ii Fpt)y*(t  -  r)dt\  (20) 

5+t 

Equation  (20)  can  be  used  to  analyze  the  autocorrelation  performance  within  Doppler  shift 
Equation  (20)  is  plotted  in  Fig. 3  in  a  three-dimensional  surface  plot  to  analyze  the  radar  perfor¬ 
mance  of  optimized  punctured  ZCZ  sequence-pair  set  within  Doppler  shift  Here,  maximal  time 
delay  is  1  unit  (normalized  to  length  of  the  code,  in  units  of  NTs)  and  maximal  cloppler  shift  is  3 
units  for  autocorrelation  (normalized  to  the  inverse  of  the  length  of  the  code,  in  units  of  1/NTs).  In 
Fig. 3,  there  is  relative  uniform  plateau  suggesting  low  and  uninform  sidelobes.  minimizing  target 
masking  effect  in  zero  correlation  zone  of  time  domain,  where  Zq  —  31,  31  <  r  <  31,  r  /  0. 


3.4  Co-existence  of  Optimized  Punctured  ZCZ  Sequence-pairs 

Considering  interference  from  another  radar  j,  if  there  are  time  delay  and  Doppler  shift,  the  ambi¬ 
guity  function  of  radar  i  can  be  expressed  as 


A  (r,  F{)t ,  Foj ) 

|  J  (x%(t)exp(j2zFp,t)  +  s}(t)exp(j2nFi)it)) 
y"(t  r)dt\ 


(21) 


1G 


Fig. 4  is  three-dimensional  surface  plot  to  analyze  the  ambiguity  function  of  radar  i  (considering 
interference  from  radar  j). 

Generally  speaking.  Fig. 4  closely  resembles  Fig. 3.  There  is  relative  uniform  plateau  suggesting 
low  and  uiiinforrn  sidelobes.  minimizing  target  masking  effect  in  zero  correlation  zone  of  time 
domain,  where  Zq  =  31,  -31  <  r  <  31,  r  /  0.  It  is  easy  to  see  that  even  considering  the 
interference  from  another  radar  j,  the  radar  i  may  work  as  well  as  there  is  no  interference. 

Fig. 5  is  the  output  of  matched  filter  of  radar  i  (considering  interference  from  radar  j)  when 
there  is  no  Doppler  shift. 

Fig.l  and  Fig.5  are  similar.  There  are  regular  high  peaks  on  multiples  of  period  31  which  is  the 
length  of  zero  correlation  zone.  And  the  sidelobe  can  be  as  low  as  0  when  the  time  delay  is  kept 
among  zero  correlation  zone  —31  <  r  <  31.  r  0.  The  high  peak  on  zero  time  delay  point  can  be 
used  to  detect  targets. 

In  addition,  output  of  matched  filter  of  radar  i  (considering  interference  from  radar  j),  when 
there  is  no  time  delay,  is  illustrated  in  Fig.G.  Here,  the  Doppler  shift  is  kept  among  5  units 
(normalized  to  the  inverse  of  the  length  of  the  code,  in  units  of  1/NTs).  From  Fig.G,  without  time 
delay,  while  the  Doppler  shift  is  less  than  1  unit  (normalized  to  length  of  the  code,  in  units  of 
Ar7’s.).  the  amplitude  decreases  sharply.  And  the  amplitude  has  a  downward  trend  on  the  whole 
frequency  domain.  For  some  traditional  phase  coded  waveforms  such  as  the  Barker  code,  when 
Doppler  frequencies  equal  to  multiples  of  the  pulse  repetition  frequency  (PRF  =  1  /PR1  =  \/Ts) 
the  ambiguity  value  turns  to  be  zero.  Because  of  these  zeros,  such  multiples  of  the  pulse  repetition 
frequency  will  render  the  radar  blind  [15]  to  their  velocities.  However,  in  Fig.G.  ambiguity  values 
are  zero  only  when  Doppler  frequencies  are  equal  to  odd  multiples  of  the  PRF.  Therefore,  using 
the?  optimized  punctured  ZCZ  sequence- pair  in  the  RSN  system  could,  to  some  extent,  improve  the 
blind  speed  problem  in  moving  target  detection  system. 
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4  System  Simulation  in  Radar  Sensor  Network 


In  RSN  of  M  radars,  the  combined  received  signal  for  the  radar  r  is 

A/ 

ri{u,t)  =  ^2  xj(t  ~tj)exp{j2nFDjt)  +n{v.t)  (22) 

j=i 

Fp  is  doppler  shift  of  target  relative  to  waveform  j,  tj  is  delay  of  radar  transmitting  waveform  j, 
and  n(u,  t)  is  additive  white  Gaussian  noise(AWGN).  Equal  gain  diversity  combination  is  used  in 
the  following  simulation,  the  structure  can  be  constructed  as  Fig. 7. 

According  to  this  structure,  the  combined  received  signal  rt(u,  t)  is  processed  b\  its  correspond¬ 
ing  matched  filter  i  and  the  output  of  branch  i  is  Zt(u,t).  Each  Zl(xi.  t)  can  be  equal  gain  combined 
to  construct  the  final  output  Z(u,t). 

The  output  of  branch  i  is 

\Zi(u)\ 

f-T  M 

=  \  J  “  tj)exPU2nfrD]t)  +  n(u.t)  ] 

J  l  j= 1 
y]{t  -  ti)dl.\ 

__  T 

Where  n(u)  —  J  T2  n(u)  t)yl (t  tj)dt  can  be  easily  proved  to  be  still  an  AWGN. 

“  7 

We  can  also  have  three  special  cases  for  |Z?(u)|: 

l)When  all  the  radar  sensors  transmit  the  signals  synchronously,  in  some  other  words,  there  is  no 
time  delay  for  each  radar  sensor  nor  doppler  shift,  /i  =  f2  =  -•  =  F\/  =  0  and  Fpy  =  Fp2  —  ...  = 
Fp}  —  0,  then 

\Zi(u)\  (23) 

/_!  A/ 

[y]xj(o +n(wto)j/ao«fti 
1  ;  =  ] 

=  | E  T  0  4-  n(u)  | 
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2)If  there  are  no  time  delay  but  Dopper  shift  ,  =  / 2  —  =  t M  —  0,  then 


\Zi{v)\  (24) 

=  I  /  Ij(/)eip(ji27r Fq)  )  +  n(ii.  (A)rf<| 

•M  j=i 

In  our  work,  we  assume  the  doppler  shift  can  be  well  estimated  in  the  receiving  radar  sendor. 
so  the  doppler  shift  compensation  factor  exp*  (j27T  Fp})  is  introduced  here.  The  equation  can  be 
modified  as: 


|Zi(u)|  (25) 

f~\  A/ 

=  I  /  T  I ^Xj(t)exv(j'li'FD,)  +  n{u..t)\ 

J~\  j=i 

Vi  (i)exp"  (j‘2nFD,t)dt\ 

,_I  M 

-  +  I  /  T  \Yl  x^exp^2n^FDJ  ~  ^b,))y.’(0l 

J-\ 

+  1  f  n{v ,  0y,‘  (/.)exp'  (j'27rFDj/.)d/| 

”  "2 

According  to  the  the  third  part  of  the  equation  (25),  the  magnititude  of  noise  is  red  needs 
because  of  the  doppler  shift  compensation  factor. 

If  Fp  1  =  Fp7  —  ...  —  Fp}  =  Fp,  the  equation  (25)  can  be  further  siinlified  as 


\Z,(u)\ 


(26) 


'/ 


<  \E\  4-0+  |  /  n{u,t)y-(t)€xpm{j2nFDtt)dt\ 


3)  If  both  time  delay  and  doppler  shift  exist  in  the  RSN.  also  considering  the  doppler  shift 
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compensation  factor  in  the  receiving  sensor. 


I4(«)l  (27) 

=  I  /  j  xAl  -  tj)exp{j2nFDj t)  +  n(u,  i)] 

J "2  j=J 

y;(/  -  T)exp'(j‘2nFL)jt)dL\ 

-_I  A/ 

-  1^1  4  I  /  T  “  lj)exP(J27,(F», 

J~ 5  .1=1 

_  r 

3/,‘U  *i)\  +  \  J  *  n{u,t)y;(t  tj)exp‘  (j2nFp,  f  )dt\ 

Assume  Fd,  =  F/)2  =  ...  =  F/^  =  f/j, 

I4.(«)l  (28) 

._r  m 

<  l^l  +  l  /  r  -  tj »?/•(<  -  f,)di| 

^-2  JY. 

_  T 

+  1  /  n{u,t)yl(t  -  tj)exp’(j2nFp,t)dt\ 

^  ~  1 

Because?  of  the  good  periodic  autocorrelation  sidelobe  properties  of  our  codes,  the  frame  of  receiving 
data  could  be  modified  before  tin1  matched  filter  on  the  receiving  radar  sensor  to  improve  the  RSN 
performance.  Here  is  the  frame  of  receiving  data  illustrated  in  Fig. 8. 

The  data  from  N  +  1  to  rnax(tj)  +  N  are  added  to  data  from  1  to  N  bit  by  bit.  In  this  way 
can  we  get  the  periodic  correlation  of  receiving  signal  and  the  matched  filter. 

Therefore, 

I4(t0l  (29) 

f-i 

<  |E|+0+|  J  ^  n(u,t.)y*(t)exp'(j2nrDit)dt\ 

Based  on  (27)  and  (27).  using  frame  modification  before  the  matched  filter  the  performance  of 
case  2)  and  3)  can  be  theoretically  comparable.  Im  some  other  words,  using  our  provided  codes 
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and  frame  modification,  the  RSN  under  the  condition  of  time  delay  for  each  radar  sensor  can.  to 
some  extent,  work  as  well  as  the  RSN  where  all  the  radar  sensors  transmit  signal  synchronously 

We  apply  optimized  punctured  ZCZ  sequence-pair  set  as  a  bank  of  phase  coded  waveforms  to¬ 
gether  with  equal  gain  combination  technique  in  the  simulation  in  order  to  study  the  performance 
versus  different  number  of  radars  in  RSN  under  the  condition  of  either  doppler  shift  or  not  Ac  ¬ 
cording  to  [7],  Pj)( Probability  of  Detection),  (Probability  of  False  Alarm)  and  Pm  (Probability 
of  Miss)  are  three  probabilities  of  most  interest  in  the  radar  system.  Note  that  Pm  =  1  P/>  thus, 

P/i  and  Py  \  suffice*  to  spec  ify  all  of  the  probabilities  of  interest  in  radar  system.  Therefore,  we 
respectively  simulated  the1  above  two  probabilities  of  different  number  of  radars  using  different  num¬ 
ber  of  optimized  punctured  ZCZ  sequence-pairs  in  single  radar  system,  4-radar  system  and  8- radar 
system  together  with  l-radar  system  using  Barker  code  respectively  in  this  section.  Three  special 
cases  of  performances  have  been  simulated.  They  are  detection  performance  under  the  condition 
of  no  time  delay  nor  doppler  shift,  no  time  delay  but  doppler  shift  and  both  time  delay  for  each 
radar  sensor  and  doppler  shift.  106  times  of  Monte-Carlo  simulation  has  been  run  for  each  SNR 
value.  When  multiple  radars  are  working  in  RSN  under  the  condition  of  doppler  shift,  the  doppler 
shift  are  supposed  to  be  well  estimated  in  the  receiving  radar  sensor  and  the  compensating  factors 
are  introduced  in  the  receiving  radars.  Since  equal  gain  combination  is  used  here,  the  threshold  for 
detection  is  chosen  to  be  around  0.5. 

The  probability  of  miss  detection  of  the  envelope  detector  in  single  radar,  4-radar,  8-radar 
and  the  single  radar  system  using  Barker  code  under  the  condition  of  no  time  delay  nor  doppler 
shift,  of  no  time  delay  but  doppler  shift  and  of  both  time  delay  and  doppler  shift  are  compared 
in  Fig. 9(a),  Fig. 9(b)  and  Fig, 9(c)  respectively.  According  to  the  Fig.9(a).  to  achieve  the  same 
Pm  —  10  k  single  radar  system  using  Barker  code  requires  about  2 dD  more  SNR  than  that  of 
4-radars  under  the  environment  of  no  time  delay  nor  no  doppler  shift.  Fig. 9(b)  also  illustrates  that 
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when  PAJ  =  1 0  3 ,  SNR  of  8-radars  are  2.2 dD  smaller  than  that  of  single  radar  system  using  Barker 
code  when  there  is  doppler  shift  in  the  simulation  system.  Considering  time  delay  for  each  radar  in 
multiple  radars  system,  we  only  have  P\j  of  4-radar  and  8-radar  system  in  Fig. 9(c).  From  Fig.  10(c). 
SNR  of  8-radar  RSN  can  gain  1.7 dB  smaller  than  4-radar  SNR  to  acheive  the  same  Pm  =  10“  3 

The  probability  of  false  alarm  of  envelope  detector  in  different  number  of  radars  under  the 
condition  of  no  time  delay  nor  doppler  shift,  of  no  time  delay  but  doppler  shift  and  of  both  time 
delay  and  doppler  shift  are  shown  in  Fig.  10(a)  Fig.  10(b)  and  Fig.  10(c)  respectively.  Considering 
doppler  shift,  Fig.  10(a)  shows  that  the  SNR  of  single  radar  system  using  Barker  code  requires  about 
bdB  greater  than  that  of  8-radars  to  obtain  the  same  Pfa  —  10~2.  When  there  is  no  dopplei  shift 
illustrated  in  Fig.  10(b),  the  SNR  of  8-radars  can  be  nearly  3 .SdB  smaller  than  that  of  single  radar 
system  using  Barker  code  in  order  to  achieve  the  same  Pfa  =  10  '2.  From  Fig.  10(c).  4-radar  system 
requires  l.ldB  more  than  that  of  8-radar  RSN  under  the  condition  of  both  time  delay  and  dopplei 
shift. 

However,  it  is  clear  to  see  that,  no  matter  how  many  radars  have  been  exploited  in  the  RSN,  the 
performances  of  system  without  doppler  shift  are  worse  than  that  under  doppler  shift  condition 
It  is  of  the  reason  that  doppler  shift,  assumed  to  be  exactly  estimated,  is  well  compensated  on 
the  receiving  radar  in  the  system  under  the  condition  of  doppler  shift.  Besides,  the  doppler  shift, 
compensating  part  in  receiving  radar  also,  to  some  extent,  reduces  the  magnitude  of  Gaussion  noise 
of  the  channel  because  of  the  doppler  shift  factor  exp(~j2n t)  we  used  to  compensate  the  doppler 
shift  in  the  receiving  radar  as  shown  in  quation  (25).  The  above  figures  also  clearly  illustrate  that 
whether  considering  doppler  shift  in  RSN  or  not,  performance  of  detection  of  inultirach\rs(applying 
our  optimized  punctured  ZCZ  sequence-pair  set  and  equal  gain  combination)  are  superior  to  that 
of  singler  radar.  In  addition,  because  of  the  superior  autocorrelation  sidelobe  property  of  our  codes, 
t  he  performances  of  4-radar  and  8-radar  RSN  under  the  condition  of  time  delay  can  be  comparable 
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to  those  under  the  condition  of  no  time  delay. 

Therefore,  according  to  the  above  results,  applying  our  optimized  punctured  ZCZ  sequence-pair 
set  in  RSN,  the  detection  performances  are  much  better  than  those  of  applying  traditional  phase 
coded  waveforms  in  a  single  radar  network. 

5  Conclusion 

We  have  studied  phase  coded  waveform  design  and  spatial  diversity  under  the  condition  of  doppler 
shift  in  radar  sensor  networks  (RSN).  In  addition,  the  definition  and  properties  of  optimized  punc¬ 
tured  ZCZ  sequence-pair  set.  which  can  be  used  as  phase  coded  waveforms  in  RSN,  are  discussed 
in  this  paper  The  significant  advantage  of  the  optimized  punctured  ZCZ  sequence-pair  set  is  a 
considerably  reduced  sidelobe  as  low  as  zero  in  the  zero  correlation  zone  and  zero  mutual  cross  cor¬ 
relation  value  in  the  whole  time  domain  Because  of  the  orthogonal  property  of  any  two  optimized 
punctured  ZCZ  sequence-pairs  among  a  optimized  punctured  ZCZ  sequence-pair  set.  they  can  co¬ 
exist  in  RSN  and  achieve  better  detection  performance  than  that  of  a  single  radar  Consequently, 
the  general  conclusion  can  be  drawn  from  the  results  presented  in  this  paper  that  the  optimized 
punctured  ZCZ  sequence-pair  set,  which  has  much  better  cross  correlation  properties  than  the 
optimum  biphase  codes  (longer  than  13),  whose  cross  correlation  peak  value  has  been  found  to 
be  approximately  y/N .  can  effectively  satisfy  higher  demands  criterion  for  detection  accuracy  in 
modern  military  and  security  affairs. 
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Figure  3:  Ambiguity  function  of  124-length  ZCZ  sequence-paii  set  :  autocorrelation 


Figure  4:  Ambiguity  function  of  radar  i  (considering  interference  from  radar  j) 
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delay 

X  >  J  f,CV* 

v’(r-  /,) 


I/,  I 


x 


J 


*  Equal 

Gain 

Combi 

ning 


X  * 

*  r*  <'-/*> 


!  | 
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Figure  9:  Probability  of  miss  detection  in  RSN  under  the  condition  of:  (a)No  time  delay  nor  doppler 
shift.  (b)No  time  delay  but  doppler  shift  (c)Time  delay  and  doppler  shift 
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Abstract — Sensing-through- wall  will  benefit  various  applica¬ 
tions  such  as  emergence  rescues  and  military  operations.  In 
order  to  add  more  signal  processing  functionality,  it  is  vital  to 
understand  the  characterization  of  sense-through-wall  channel. 
In  this  paper,  we  propose  a  statistical  channel  channel  model 
on  a  basis  of  real  experimental  data  using  UWB  noise  radar. 
We  employ  CLEAN  algorithm  to  obtain  the  multipath  channel 
impulse  response  (CIR)  and  ohserve  that  the  amplitude  of  chan¬ 
nel  coefficient  at  each  path  can  be  accurately  characterized  as 
T  location-scale  distribution.  We  also  analyze  that  the  multipath 
contributions  arrive  at  the  receiver  are  grouped  into  clusters. 
The  time  of  arrival  of  clusters  can  be  modeled  as  a  Poisson 
arrival  process,  while  within  each  cluster,  subsequent  multipath 
contributions  or  rays  also  arrive  according  to  a  Poisson  process. 
However,  these  arrival  rates  are  much  smaller  than  those  of 
indoor  UWB  channels. 

1.  INTRODUCTION 

Sensing-lhrough-wall  techniques  have  attracted  great  inter¬ 
est  due  to  a  broad  range  of  military  and  civilian  applications. 
During  detection,  it  is  more  likely  that  signal  processing  occurs 
at  one  side  of  the  wall  and  the  interior  space  to  be  exploited 
is  on  the  other  and  it  can  not  be  seen  through  conventional 
measures.  Therefore  it  is  desirable  that  the  wall  penetration 
sensing  provide  following  information:  building  layouts  like 
rooms  and  inner  objects,  identification  of  humans  and  their 
positions;  the  composition  and  structure  of  the  wall  These 
characterizations  will  be  of  great  use  in  locating  weapon 
caches  during  military  operations,  searching  and  rescuing 
people  from  natural  diasters  such  as  earthquakes  and  providing 
sustainability  assessment  of  bridges  and  buildings. 

In  recent  years  UWB  waveforms  are  frequently  employed 
for  indoor  wireless  propagation  systems  due  to  the  exceptional 
range  resolution  and  strong  penetrating  capability.  There  has 
been  a  great  amount  of  research  on  statistical  modeling  of 
UWB  indoor  multipath  channels  |l]-[3]  and  IEEE  [4]  has 
standardized  it  on  a  basis  of  Saleh  and  Valenzuela  (S-V) 
channel  model  [5].  There  have  been  some  efforts  investigating 
scnsing-through-wall  using  UWB  waveforms.  |6]  uses  finite 
difference  time-domain  (EDTD)  method  to  simulate  reflected 
UWB  pulses  for  three  different  types  of  walls.  |7]  proposes 
UWB  transmission  pulses  for  walls  with  different  thickness 
and  conductivity.  However,  these  reports  only  describe  about 
transmitted  or  reflected  waveforms  based  on  simulation,  scnsc- 
through-wall  channel  has  not  yet  been  touched  on  Imaging 
techniques  have  also  been  employed  to  show  objects  behind 
the  wall  in  [8]  and  |9].  [8]  uses  wideband  synthetic  aperture 


radar  and  incorporates  wall  thickness  and  dielectric  constant  to 
generate  the  indoor  scene  through  image  fusion.  |9J  discusses 
the  advantages  of  using  thermally  generated  noise  as  a  probing 
signal  and  analyzes  the  basic  concepts  of  synthetic  aperture 
radar  image  formation  using  noise  waveforms.  Nevertheless 
these  studies  haven't  provide  any  insight  into  any  properly  of 
through-wall  radio  channel. 

In  this  paper,  we  propose  a  statistical  multipath  model  of 
through-wall  radio  channel  based  on  real  measurement.  The 
UWB  noise  waveform  presented  in  [9]  has  been  adopted  in 
our  work.  This  is  due  to  the  inherently  low  probability  of 
intercept  (LPI)  and  low  probability  of  detection  (LPD).  These 
characterizations  provide  immunity  from  detection,  jamming, 
and  interference  We  investigate  the  model  based  on  channel 
impulse  response  (CIR)  obtained  through  CLEAN  processing 
method  It  is  observed  that  the  amplitude  of  channel  coefficient 
at  each  path  can  be  accurately  characterized  by  T  location- 
scale  distribution.  It  is  also  observed  that  the  multipath  con¬ 
tributions  arrive  at  the  receiver  are  grouped  into  clusters.  The 
time  of  arrival  of  clusters  can  be  modeled  as  a  Poisson  arrival 
process,  while  within  each  cluster,  subsequent  multipath  con¬ 
tributions  or  rays  also  arrive  according  to  a  Poisson  process. 

The  rest  of  this  paper  is  organized  as  follows  In  Section 
II,  we  summarize  the  measurement  and  collection  of  the  data 
In  Section  III,  we  apply  CLEAN  algorithm  to  extract  CIR 
Section  IV  presents  the  channel  model  in  terms  of  amplitude 
and  temporal  characterizations.  Conclusion  and  future  work  is 
given  in  Section  V 

II  Measurement  Setup 

A  UWB  noise  radar  system  was  set  up  in  the  Radar  Imaging 
Lab  at  Villanova  University.  Fig.  I  illustrates  the  layout  of  the 
experiment  room.  The  wall  segment,  constructed  utilizing  solid 
concrete  blocks  with  a  dielectric  constant  of  7.66,  is  0.14m 
thick  2.8m  long  and  2.3m  high  The  room  behind  this  wall  is 
empty. 

A  horn  antenna,  model  ETS-Lindgren  3164-04,  with  an 
operational  bandwidth  from  0.7  to  6  GHz,  was  used  as  the 
transceiver.  The  antenna  was  placed  only  I  cm  to  the  front 
wall,  which  is  illustrated  in  Fig  2.  Therefore  the  through- 
wall  propagation  from  antenna  front  edge  to  the  backside  of 
the  wall  is  1 5cm.  37  times  of  measurements  arc  collected  at 
different  but  equally  spaced  positions  along  the  wall  with  step 
size  5cm.  An  Agilent  network  analyzer,  model  ENA  507 IB, 
was  used  for  signal  synthesis  and  data  collection 
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Fig.  I  Experiment  Setup 


Fig.  2  Radar  antenna  and  wall  in  the  experiment 


ill  Channel  Impulse  Response  Based  on  the 
Measured  Data  and  CLEAN  algorithm 

The  transmil  ted  noise  waveform  and  received  echoes  of  one 
measurement  are  plotted  in  Fig.  3.  It  shows  that  UWB  noise 
waveform  has  a  very  good  sensing-through-wall  capability 
During  37  experiments,  the  frequency  of  the  transmitted 
signal  is  400  -  720  MHz  and  sampling  rate  is  1.5GHz7s. 
The  tremendously  large  amplitude  at  around  sample  100  is 
due  to  the  antenna  coupling  [10].  Note  that  at  a  different 
position  the  measurement  result  will  be  slightly  different  but 
the  characterization  of  the  signals  are  quite  similar  Thus  the 
illustration  of  pulses  collected  at  one  position  is  sufficient  to 
describe  the  property. 

Fig.  4  shows  the  histogram  of  transmitted  and  received 
waveform  amplitude.  It  is  very  interesting  to  see  that  af¬ 
ter  sensing-through-the  wall,  the  back  scattered  signal  still 
roughly  follows  Gaussian  distribution.  This  conclusion  applies 
to  all  other  36  measurements.  Assume  the  mean  and  variance 
are  /i  and  o2  respectively.  Table  1  shows  the  detail  of  these 
parameters. 
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Fig.  3.  UWB  noise  waveforms:  (a)  transmitted  pulse  (b)  received  echoes 

Since  the  transmitted  and  received  signals  have  been  known, 
the  CLEAN  algorithm  can  be  used  to  extract  channel  impulse 
response  (C1R).  This  method  was  initially  introduced  in  [II] 
to  enhance  radio  astronomical  maps  of  the  sky,  and  has 
been  frequently  employed  in  UWB  channel  characterization 
problems  [  1 2]- [  1 4] .  The  CLEAN  algorithm  is  an  iterative, 
high-resolution,  subtractive  deconvolution  procedure  that  is 
capable  resolving  dense  multipath  components  which  arc 
usually  irresolvable  by  conventional  inverse  filtering  [16] 

Our  steps  involved  [15]  are: 

1)  Calculate  the  autocorrelation  of  the  transmitted  signal 
/?ss(/)  and  the  cross-correlation  of  the  transmitted  with 
the  received  waveform  Rsy( t). 

2)  Find  the  largest  correlation  peak  in  Rsy(t),  record  the 
normalized  amplitudes  a*  and  the  relative  time  delay  r* 
of  the  correlation  peak. 

3)  Subtract  R.s*{t)  scaled  by  a  *  from  R9y(t)  at  the  time 
delay  t*. 

4)  If  a  stopping  criterion  (a  minimum  threshold)  on  the 
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l7ig.  4  Amplitude  density:  (a)  transmitted  pulse  (b)  received  echoes 
TABLE  I 

Estimated  statistical  parameters  of  transmitted  and  received 
signals 


parameter 

transmitted  signal 

received  signal 

a 

4.0512 

-1  6756 

STD  Error  of 

0.258655 

0348318 

a 

12.9328 

17  4159 

STD  Error  of  o 

0.182952 

h  0246372 

peak  correlation  is  not  met,  go  step  2.  otherwise  stop. 

Fig.  illustrated  the  absolute  value  of  through-wall  CIR 
at  one  position  by  clean  algorithm.  We  can  see  that  the 
channel  consists  of  multipaths  that  arrive  in  clusters.  Each 
cluster  is  made  up  of  subsequent  rays.  This  is  very  similar 
to  the  multipath  rays  in  S-V  channel  model.  However,  in  S- 
V  model,  the  largest  scattering,  i.e  ,  the  highest  magnitude 
always  appears  at  the  first  path  It  is  obvious  to  see  this  is  not 
the  general  case  in  the  through- wall  channel.  On  a  basis  of 
CIR,  the  channel  can  be  represented  as 

?•(/.)  as  Y'  anp,t(t  Tn )  (I) 

n 

where  nT1  and  rTI  is  referred  to  as  the  amplitude  and  delay  of 
the  nth  propagation  path.  In  the  next  Section  we  shall  analyze 
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Lig  5.  Normalized  CIR  by  CLEAN  algorithm 

them  in  detail. 

iv  Sense-Through-Wall  Channel  Modeling 

A.  Temporal  Characterization 

Like  in  S-V  model,  multipath  contributions  arrive  at  the 
receiver  grouped  into  clusters  and  therefore  similar  method¬ 
ology  used  in  S-V  model  studies  may  be  also  applied  to 
sensing- through- wall  CIR.  The  time  of  arrival  of  clusters  can 
be  modeled  as  a  Poisson  arrival  process  with  a  rate  A,  while 
within  each  cluster,  subsequent  multipath  contributions  or  rays 
also  arrive  according  to  a  Poisson  process  with  a  rate  \ 

We  define 

•  T(  :  the  arrival  time  of  the  first  path  of  the  /- th  cluster, 

•  rjt./  the  delay  of  the  A  -lh  path  within  the  / -  th  cluster 
relative  to  the  first  path  arrival  time  7), 

•  A  :  the  cluster  arrival  rate; 

•  A  the  ray  arrival  rate,  i.e.,  the  arrival  rate  of  the  paths 
within  each  cluster: 

•  f  :  the  mean  excess  delay, 

•  oT  the  mis  delay  spread 

By  definition,  we  have  r0/  =  7}.  The  distributions  of  the 
cluster  arrival  time  and  the  ray  arrival  time  are  given  by 

p(T, IT,.,)  =  Aexp(-A (T,  -  T, _,),/>  0 
p(n./|T(/k-i),<)  =  Aexp(-A(n..,  -  r^_iyi)).k  >  0  (2) 

r,  o T  are  defined  by 


_  EX*. 

E„«5 

(3) 

oT  =  \J r2  -  T2 

(4) 

2  - 

(5) 

We  analyze  these  parameters  based  on  37  experiments  and 
show  the  result  in  Table  II 


TAB!  I  I! 

Temporal  Parameters  for  Sf.nsf-Through-Wai  l  Channi  l 
Model 


parameier 

A(l/ns) 

A(l/nfl) 

Of 

value 

0.002 

0.0224 

1.8153 

0.0827 

Wc  may  compare  the  A  and  A  in  Table  11  with  the  same  para¬ 
meters  for  indoor  UWB,  which  arc  0.0667  and  2.1  respectively 
with  unit  1/ns  117].  The  parameters  for  through-wall  channel 
is  much  smaller  due  to  the  resistance  of  wireless  propagation 
m  wall 


B.  Statistical  Distribution  of  Channel  Amplitude 

In  the  S-V  model,  the  amplitude  follows  raylcigh  distribu¬ 
tion.  In  the  IEEE  UWB  indoor  channel  model  [4],  log-normal 
distribution  was  introduced  for  representing  the  fluctuations  of 
the  total  multipath  gain  In  this  Section  we  propose  that  the 
amplitude  of  scnsing-through-wall  channel  follows  T  location- 
scale  distribution  Its  probability  density  function  (PDF)  is 


6\2 


/(•'•)  = 


1W)  ^ +  (*?)' 


<t>yjv 7T  P(i 


>  o,  u  >  0  (6) 


where  6  is  the  location  parameter,  0  is  scale  parameter,  v  is 
shape  parameter  and  T(  )  denotes  gamma  function.  Note  that  if 
define  y  =  ,  then  y  follows  student’s  T  distribution  with  v 

degrees  of  freedom.  As  v  goes  to  infinity,  the  T  location-scale 
distribution  approaches  the  standard  Gaussian  distribution. 


Fig  6  Goodness-of-fil 

Fig.  6  clearly  illustrates  to  what  extend  does  the  C1R 
amplitude  match  the  PDF  curve  of  the  statistic  model  The 
ahsolutc  amplitudes  of  OR  have  been  plotted  in  terms  of 
histogram.  We  compare  T  location-scale  distribution  with 
Gaussian  distribution  Although  the  transmitted  and  received 
signal  amplitude  follows  Gaussian  model,  this  is  not  the  case 
for  the  channel  It  can  be  easily  seen  that  T  location-scale 
model  provides  perfect  goodness-of-fil. 


On  a  basis  of  OR  amplitudes  from  37  different  positions, 
wc  apply  Maximum  Likelihood  Estimation  (MLE)  approach  to 
estimate  the  parameters  (18]  (19].  It  is  generalized  as  follows: 

Let  y i,  t/2*  •  ‘  ,  y\  6c  N  independent  samples  drawn  from  a 
random  variable  Y  with  m  parameters  0 j,  0 2,  •  ,  0,tl ,  where 
0,  €  0 ,  then  the  joint  PDF  of  yi»  y2>  »  V\  is 

Ln(W)  =  fy\6(vi\0u-  •  ,e„)...fY ie(Vn|fli,-  .0,,,) 

(7) 

When  expressed  as  the  conditional  function  of  Y  depends 
on  the  parameter  0y  the  likelihood  function  is 

Ar 

Z>,v(Y|0)  =  n/v-,^1^.  -  -  -M  (8) 

k=) 

The  maximum  likelihood  estimate  of  0 1,  (?■>,  •  ,  (),„  is  the  set 

of  values  0],  02 ,  •  •  - ,  01tl  that  maximize  the  likelihood  function 
Ln(\\0). 

As  the  logarithmic  function  is  monotonically  increas¬ 
ing,  maximizing  Lv(Y|0)  is  equivalent  to  maximizing 
ln(L,v(Y|0)).  Hence  it  can  be  shown  that  a  necessary  but  not 
sufficient  condition  to  obtain  the  ML  estimate  0  is  to  solve  the 
likelihood  equation 

^  \n(LN(Y\0))  =  0  (9) 

Wc  obtain  Sy  <f>  and  riu  for  t  location-scale  distribution,  ft 
and  d  for  Gaussian  distribution.  These  arc  shown  in  table  111 
Wc  also  explore  the  standard  deviation  (STD)  error  of  each 
parameter  These  descriptions  arc  also  shown  in  table  111  in 
the  form  of  ex,  where  x  denotes  different  parameter  for  each 
model.  It  can  be  seen  that  T  location-scale  provides  smaller 
STD  errors  than  those  of  Gaussian  distribution 

TAB!  E  III 

Statisticai  Amplitude  Parameters  for  Sense-Through  Wall 
Channli  Model 


PDF 

T  local  ion-scale 

Gaussian 

Parameiers 

6  ~  0.0136836 

4>  ~  0.00129967 

i>  =  2.18286 

^  =  2.35418c  -  005 
=  2.50893c  -  005 
=  0.0821753 

fi  -  0.0138875 

a  -  0.00267908 

Efl  ~  3  789 17r  -  005 
=  2.67975c  005 

RMSF 

9.8983 

25.5854 

Wc  may  also  observe  the  goodness-of-fit  by  root  mean 
square  error  (RMSE).  Let  i  (i=l .  2.  •  •  ?/)  be  the  sample  index 

of  C1R  amplitude  in  Fig.  6,  r,  is  the  corresponding  density 
value,  c,  is  the  density  value  of  the  statistical  model  with 
estimated  parameters  by  means  of  MLE  RMSE  is  ohtained 
through 


RMSE  = 


(10) 


where  n  is  the  total  amount  of  sample  index.  The  RMSE  lor 
T  location-scale  and  Gaussian  distributions  have  been  listed 


in  Table  111  also.  It  demonstrates  that  T  location-scale  is  the 
model  that  fits  the  channel  amplitude  data  very  well 

V.  Conclusion 

From  our  investigation,  we  would  draw  following  con¬ 
clusions:  1)UWB  noise  waveform  may  have  a  very  good 
sensing  through-wall  capability  for  walls  composed  of  solid 
concrete  blocks.  2)Sense-through-wa!l  channels  are  made  up 
of  multipath  components  and  the  highest  magnitude  does  not 
always  appear  at  the  lirst  path  3)The  multipath  contributions 
arrive  at  the  receiver  are  grouped  into  clusters.  The  lime  of 
arrival  of  clusters  can  be  modeled  as  a  Poisson  arrival  process, 
while  within  each  cluster,  subsequent  multipath  contributions 
or  rays  also  arrive  according  to  a  Poisson  process.  However, 
these  arrival  rates  are  much  smaller  than  those  of  indoor 
UWB  channels.  4)  The  amplitude  of  channel  coefficient  at 
each  path  can  be  more  accuralely  characterized  as  T  location 
scale  distribution  other  than  Gaussian  distribution  due  to  better 
good n ess -of- fit  and  smaller  root-mean-square-error  (RMSH). 
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abstract 

hi  this  paper,  we  study  the  underwater  sonar  sensor 
network  which  is  more  complicated  because  of  the  time-variant 
and  energy  costing  underwater  environment  Since  it  is  known 
that  interference  with  each  sonar  could  be  effectively  reduced 
when  waveforms  are  appropriately  designed,  we  provide  a  new 
set  of  tnphase  coded  waveforms  called  optimized  punctured 
Zero  Correlation  Zone  sequence-pair  set  (optimized punctured 
ZCZPS)  and  provide  a  method  to  construct  such  a  kind  of 
code.  We  also  study  codes  *  properties  especially  using  the 
useful  ambiguity  function  to  analyze  the  nature  of  the  output 
of  the  matched  filter  w  hen  there  are  both  time  delay  and 
Doppler  shift  Then  w-e  apply  our  provided  triphase  waveforms 
to  the  underwater  sensor  network,  provide  a  system  structure 
and  simulate  the  target  detection  performance  of  the  system. 
Comparing  with  (he  classical  periodic  Gold  sequences,  our 
codes  could  improve  the  system  detection  performance  to  a 
certain  extent 

Keywords:  Zero  correlation  zone;  Opimized  punctured  ZCZ 
sequence-pair  set;  Sonar  sensor  network 

l  Introduction 

Much  time  and  effort  have  been  put  in  radar  waveform 
design  for  radar  sensor  networks  [1]  (2]  [3],  since  multiple 
radar  sensors  could  be  combined  to  form  a  multiradar  system 
to  overcome  performance  degradation  of  sigle  radar.  Though 
underwater  sonar  system  is  more  complicated  than  the  radar 
system  because  of  many  unique  channel  characteristics  such 
as  fading,  extended  multipath  and  refractive  properties  of  the 
sound  multiple  sonar  sensors  could  construct  a  underwater 
sonar  sensor  network  so  that  the  detection  performance  could 
be  improved. 

The  long-range  bistatic  sound  transmission  through  the 
ocean  sound  channel,  such  as  in  ocean  acoustic  tomog¬ 
raphy  [4]  [5],  in  acoustic  thermometry  of  ocean  climate 
(ATOC)  [6],  used  (he  signal  that  allows  sufficient  sound  energy 
delivery  into  the  ocean  so  that  the  signal  received  at  long 
range,  perhaps  several  megameters,  has  a  sufficiently  high 
signal-to-noisc  energy  ratio  but  low  signal-to-noise  power 
ratio.  Consequently,  precision  measurements  of  sound  travel 
time  could  be  made  and  good  time  resolution  should  be 
allowed  after  signal  processing,  m  sequences,  successfully 


used  in  previous  experiments  [4]  [7]  [8],  satisfy  the  long-range 
transmission  requirement  and  the  same  time  resolution  as  a 
monopulse  or  periodic  pulse  system  whose  pulse  width  is  one 
digit  duration  achievable  at  high  power.  In  other  words,  high 
signal  energy  is  provided  by  transmitting  over  a  long  time 
(large  T)  and  good  time  resolution  is  achieved  by  using  a 
sequence  of  short  pulse  (large  IV),  therefore  having  a  large 
TW  product  [9]  This  is  called  the  phase  coded  waveform 
technique  which  is  a  widely  used  in  radar  system 

Therefore,  family  of  m  sequences  could  be  applied  to  the 
underwater  sonar  sensor  network  to  achieve  better  targets 
detection  performance.  Nevertheless,  the  autocorrelation  and 
cross  correlation  properties  of  family  of  m  sequences  or  even 
Gold  sequences  are  not  optimized  Based  on  the  ZCZ  [10] 
concept,  we  propose  triphase  coded  waveforms  called  ZCZ 
sequence-pair  set  (ZCZPS),  which  can  reach  zero  autocor¬ 
relation  sidelobe  during  ZCZ,  as  well  as  zero  mutual  cross 
correlation  peak  and  sidelobe  during  ZCZ.  We  propose  and 
demonstrate  a  method  that  optimized  punctured  sequence-pair 
joins  together  with  orthogonal  matrix  to  construct  the  tnphase 
coded  waveforms  called  optimized  punctured  ZCZ  sequence- 
pairs  set  (optimized  punctured  ZCZPS),  and  subsequently 
apply  them  to  an  underwater  sonar  sensor  network  In  addition, 
a  frame  structure  of  the  underwater  sonar  sensor  network 
is  provided  and  used  in  the  simulation  According  to  the 
simulation  results,  the  target  detection  performance  is  well 
improved  by  using  our  proposed  codes  in  the  provided  system 
structure  comparing  with  the  system  using  Gold  codes. 

The  rest  of  the  paper  is  organized  as  follows  In  Section 
2,  the  definition  of  ZCZPS  and  optimized  punctured  ZCZPS 
is  proposed.  A  method  using  optimized  punctured  sequence- 
pair  and  orthogonal  matrix  to  construct  ZCZPS  is  given  and 
proved.  In  Section  3,  we  analyze  the  properties  and  ambiguity 
function  of  optimized  punctured  ZCZPS.  We  investigate  the 
performance  of  optimized  punctured  ZCZPS  in  targets  detec¬ 
tion  simulation  of  underwater  sonar  sensor  netw  ork  comparing 
with  Gold  code  in  Section  4  In  Section  5,  w'e  draw  some  final 
conclusions  on  optimized  punctured  ZCZPS 

II  DESIGN  FOR  OPTIMIZED  PUNTURED  ZCZ 
SEQUENCE-PAIR  SET 

Since  it  has  been  well  studied  that  it  is  almost  impossible  to 
find  or  construct  sequences  which  have  ideal  autocorrelation 


sidelobes  and  cross  correlation  peaks  at  the  same  time,  zero 
correlation  zone  (ZCZ)  is  a  new  concept  provided  by  Fan  [II] 
in  which  both  autocorrelation  and  cross  correlation  sidelobes 
arc  zero  while  the  time  delay  is  kept  within  the  ZCZ  instead 
of  the  whole  period  of  time  domain 

Matsufuji  and  Torn  have  provided  some  methods  of  con¬ 
structing  ZCZ  sequences  in  [  1 2]  [  1  3].  In  this  section,  we  apply 
optimized  punctured  sequence-pair  [14]  in  ZCZ  together  with 
the  orthgonal  matrix  to  construct  optimized  punctured  ZCZ 
sequence-pair  set. 


Definition  3-3  If  (:r^t  t/1^)  in  Definition  3-1  is  constructed 
by  optimized  punctured  sequence-pair  and  a  certain  matrix, 
such  as  Hadamard  matrix  or  an  orthogonal  matrix,  where 


x\p)  e  (-1.1), 

t  =  0,1  2 . N  1 

y{,q)  e  (-1.0.1 

),  1  =  0,1, 2 . N  1 

N- 1 

N  1 

II 

M 

> 

/= 0 

A  The  Definition  of  Optimized  Punctured  ZCZ  Sequence-Pair 
Set 

Definition  3-1  Assume  to  be  a  sequence-pair  of 

set  (A\  Y)  of  length  N  and  the  number  of  sequence-pairs  A', 
where  p  =  0,  1 , .  ..,  K  —  1,  i  =  0, 1  ....  N  —  1 ,  if  sequences  in 
the  set  satisfy  the  following  equation 


R, 


Cl(^) 


N- i  A'-i 

/  *'  i  ^(i  +  t)iho(](N)  /  )iruxi{N) 


/— 0 


i=o 


A  N,  for  r  =  0,  p  —  q 
0,  for  0  <  |r|  <  Z0 


where  0  <  A  <  1,  (xM,i/p))  is  called  a  ZCZ  sequence-pair, 
ZCZP{N)  Ky  Z0)  is  an  abbreviation.  (AG  V')  is  called  a  ZCZ 
sequence-pair  set,  ZCZ PS(Ny  K,  Zo)  is  an  abbreviation 

Definition  3-2  [14]  Sequence  u  =  (i/q.wi . w,v_j)  is  the 

punctured  sequence  for  v  =  (t/o,t’i, 1 )» 


{0  if  j  G  P  punctured  bits 
Vj ,  if  j  €  Non-punctured  bits 

Here,  P  is  the  number  of  punctured  bits  in  sequence  v. 
Suppose  Vj  £E  (  1,1),  u  is  P-punctured  binary  sequence  that 

Uj  e  (-1,0,  1),  (u,d)  is  called  a  punctured  binary  sequence 
pair. 

Theorem  3-1  [14]  The  autocorrelation  of  punctured 
sequence-pair  (u.v)  is  defined 


N-  i 

^  T)mo(it\  , 0  ^  T  /V  1  (3) 

1  =  0 


If  the  punctured  sequence-pair  has  the  following  autocorre¬ 
lation  property: 


Ruv(r) 


E ,  if  t  =  OmodA’ 
0,  others 


CO 


the  punctured  sequence-pair  is  called  optimized  punctured 
scquencc-pair  [14],  Where,  E  =  u,v{HT)mndN  = 

N  -  p,  is  the  energy  of  punctured  sequence-pair 

The  properties,  existing  necessary  conditions  and  some 
construction  methods  of  punctured  binary  sequence-pair  have 
been  well  studied  by  Jiang  [14]  Many  optimized  punctured 
sequence-pairs  have  been  found  of  length  from  7  to  31  so  far. 


/  AN,  for  r  =  0,p  =  r/ 

\  0.  for  0  <  |t|  <  Z0 

where  0  <  A  <  1,  then  (x^’Ky^)  can  be  catted  an  optimized 
punctured  ZC/P 

B  A  Method  to  Construct  Optimized  Punctured  ZCZ 
Sequence-pair  Set 

An  optimized  punctured  ZCZ  sequence-pair  set  can  be 
constructed  from  the  following  steps. 

Step  1  Given  an  optimized  punctured  binary  sequence-pair 
the  length  of  each  sequence  is  N\ 

U  =  €  (-1,  1), 

v  ~  vu  •  r,  €  (-1,0,  1). 

Step  2.  Given  orthogonal  matrix  B,  the  length  of  the 
sequence  is  AG  which  is  equal  to  the  number  of  the  sequences 

/i  -  (6°;  61 :  ,bN'-'),b'  =  (b’a,  b\,  .,b’Nj  ,) 

Step  3.  Process  the  optimized  punctured  binary  sequence- 
pair  with  each  row  of  the  orthogonal  matrix  B, 

•rj  =  u(((A',/<i)»  j  +  [j/d]  )modN i )6}„,0(/y3 . 

V  =  (rV;-;/1'1),!1  =  (4.*i . r  a’  1-) 

0  <  i  <  N2  -  1 , 0  <  j  <  N  -  1 . 

y;  =  f(((Ar,/(/)  *  j  +  l j /<ij )modN\  )l>j,nodjW} , 

o  <  i  <  N2  -  1,0  <  j  <  N  -  1, 

v-(y0;y,;-;yJV,",),y'=*(yi.yf-.yjv-i)) 

Where  </  =  GCD{N} ,  N2),  N  =  A',  *  A’2  and  [j/d\  means 
to  get  the  integer  of  [j/d\  The  three  steps  make  the  sequence- 
pair  set  ( A'  y)  an  optimized  punctured  ZCZPS,  where  ZCZ 
Zq  =  Ari  1  or  Zo  =  N\  —  2  which  depend  on  the  value  of  d. 
The  length  of  each  sequence  in  optimized  punctured  ZCZPS 
is  N  —  N\  *  N2  that  depends  on  the  product  of  length  of 
optimized  punctured  sequence-pair  and  the  length  of  a  row  in 
Orthogonal  matrix.  The  number  of  sequence-pairs  in  optimized 
punctured  ZCZPS  rests  on  the  order  of  the  Orthogonal  matrix 
The  sequence  x*1)  in  X  and  the  corresponding  sequence  t/C) 
in  Y  construct  an  optimized  punctured  ZCZP  (x^)  y(0)  that 
can  be  used  as  a  phase  coded  waveform,  such  as  ;r*1^  for  radar 
transmitter  and  y C)  for  radar  receiver  The  phase  states  for  any 
sequence-pair  among  are  only  of  three  options,  so 


our  newly  provided  optimized  punetured  ZCZPS  is  a  new  set  When  i  ^  j, 
of  triphase  codes 

Then  \vc  will  prove  that  the  sequenee-pair  set  constructed 
by  the  above  steps  arc  optimized  punetured  ZCZPS.  Proof. 


T  =  0, 

[*)  yij)  (0)  =  /?,„( 0)  X  .r  . r in od  ;V 2  ’ 


,V2-1 


^1  Ar2—  1 


N  2  —  1 


^  coyu)(r)=  XI  4' 


( A  +  t  JinofijVj  .V2 


A--0 


A'iA2  1 

^  u((N\/d)k  4  [A'/r/  )7/ior/Ari6,^mo(/;V2  • 

A  =0 

<’'(0vi/ti)(A:  4  r)  4  [(A-  4  r)/d\  )modNxb) Ak+T)moiiN7 

S\  1  yv2  1 


) mociA'j  ( m  j\f2  +  r  +  t0(/+  r  1  )mod.\’j 


tti  —  ()  r  —  0 

u( ( N\/d)(m Ar?2  -f  ?*)  -4-  [(7//;V2  4  ?■)/ r/) J )jtiodN\ 
v*  {(N\/d)(mN'2  4  7  4-  T()ry  4  tj  ) 

4  [(ntAr2  4-  7  4  Tor/  4-  T\  /d)\)inodN\ 

N7  -  ]  -Vj  1 

—  y  >  ^T-T  ^7.(1+ t0(7  +  ti  )rno</ A?2  ^  > 
r  =  0  in  =  0 

u({Ni/d/d)r  4-  7/1  iV2 /r/  4-  [r/d\)rruxlN\ 

v*  ((N]  /d){r  4-  T])  4-  mNi/d  4  t0  4-  [( r  4-  Ti/</)J  )modN\ 


(6)  ■sina:  X  biSblrmo,1N,  =  0,  /*,<.)„<)>  (0)  =  0; 

r  =  0 

0<|t|<N,  l,KTlv(r)  =  0, 

.v2-i 

U)y(j)  (t)  =  ^^r  (r4T)n„w|,VJ^j  y(T)  =  0. 

r  =  0 

Similarlly,  /?lJy.  could  be  proved 
(2)  If  d>  1, 

When  r0  <  ATi/f/  —  2  and  0  <  tj  <  d  1, 


C.t  =  (( A?i  /ti)  •  T]  T  Tq  4  [(7-  4  Ti)/f/J)7/IOf/Ari 

<  ((Ny/d)(d-  1)  4-  Ni/d- 24-  fyruxlNi 

-  Nj  1 

When  t0  <  Ari/(i  -  1,  rj  <  ri  -  2, 

C.i  =  (JV,/d)T!  4-  To  4-  [(7*  4-  T\)/d\  4-  [7*/ c/J )modN\ 

<  ((7Vj/d)(c/-2)4-  TVj/ci  —  1  4-  l)rmxWi 

-  A'j  -  Nj/c/  <  Ni  -  1 


Here,  k  —  mN2  4 -  i\t  =  r^d  4-  tj.O  <  //i  <  A’i  1,0  <  r  < 
Ar2  1 .0  <  tj  <  d  -  1  If  Tm.r  =  ((Ari/r/)?*  4  niN2/d  4 
[/•/</  )7//or/Ari ),  Tjn'T+T  -  Tin  r  is  unrelated  to  ni.  Then  we 
can  have  that 


tf  r  —  ^ jn.r+T  T'm .r 

=  ((A']/cZ)  •  T\  4  To  4  [(r  4  rj)/</J)  [r/r/J )mt)dN\ 


So  /?T,,)y(j>)  could  be  abbreviated  to 


A2-1 


/^.i  <i)y(j)  —  y  ]  ^r^i, (r  +  T(J  +  T, )mwl/v2 ^im1  ( ) 


As  a  result,  when  0  <  t  <  N\  2,  then  1  <  tJ  T  <  N\  -  1 
(t/.v)  is  the  optimized  punetured  binary  sequence-pair,  so 
we  could  get  /?,jw(t)  =  0  and  Rxo)yu)  (r)  =  0.  Similarlly, 
when  I  /  =  H„„(0 )Er=o1,,>.*6j,.mmW,- 

Since  T,r=o'  b<.rb],rmodN7  =  °-  7?*e>,,U>(  T)  =  7W(t) 
It  is  also  easy  to  prove  that  when  —  ( A"  1  -  2)  <  t  <  0, 
(7)  llxu)yij)(r)  -  0.  Similarlly,  /?jJy.  =  0. 

Theorem  3-2  The  optimized  punetured  binary  sequence- 
pair  (u,u)  and  the  Ar2  order  orthogonal  matrix  B  constructed 
an  optimized  punetured  ZCZPS  (A'.T),  d  —  GCD( N\ ,  A^), 
in  some  other  words,  N\/d  is  relatively  prime  to  A'2,  then 
(1)  d  -  1,  the  ZCZPS  could  be  expressed  as 

ZCZPS(N^N2,N2,NX  -  1),  and 


(8) 


(  EN2,  if  t  —  0,7  =  j 

flIe>y<»(T)  =  \  0.  if  0  <  |r|  <  yV,  1 ,  f  =  j 

y  o,  if  o  <  |t  i  <  ati  -  i  7  /  j 

(2)  d  >  1,  the  ZCZPS  could  be  expressed  as 


(I)  If  d  =  1,  T  =  T0d  4  T\ .  0  <  T !  <  d  -  1,T]  = 

°dr.r  =  r.  According  to  (8),  we  have  /7,«oyo)(r)  =  'z'cZPSiNiN^,^  ^,  2),  and 

^=0lfc-.rtj.|rtM  +  r AISO  (»,!■)  is  the  Op- 
timized  punctured  binary  sequence-pair. 

When  ?  —  j, 


{t  Ai  Ar2,  if  t  =  0,  i  =  j 

0,  if  0  <  | t |  <  Ni  -  2,  i  =  j 

0,  if  0  <  |t  <  Ad  -  2,i  #  j 


r  =  0, 


where  0  <  f  <  1.  If  the  punctured  sequence-pair  has  the 
following  autocorrelation  property. 


<>)=  «,1V'(0)=  X  b”b;.,,„„,is2H»A ())  =  A'2& 


/A„(t)  = 


0  <  |t|  <  Ari  17  /A<ti(t)  =  0, 

.v2-i 

ffr<'>w<o(T)  -  X  bi.rb',.rmadN,ft»dT)  =  °! 


E .  if  t  OmodA’ 
0  others 


(9) 


the  punctured  sequence-pair  is  called  optimized  punetured 
sequence-pair  [14]  Where,  E  =  ^'0lti,i'|I+r = 
N  -  p,  is  the  energy  of  punctured  sequenee-pair 
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Ill  PROPERTIES  OF  OPTIMIZED  PUNCTURED  ZCZ 
SEQUENCE-PAIR  SET 

An  example  is  given  to  analyze  the  autocorrelation  and 
cross  correlation  properties  of  the  optimized  punctured  ZCZPS 
constructed  by  the  method  mentioned  above.  The  144-length 
optimized  punctured  ZCZPS  (X ,  Y)  is  constructed  by  12- 
length  optimized  punctured  binary  sequence-pair  (u,u),ti  = 
[T  +  +  +  +  -  +  H — ] ,  v  =  [0+4-  +  -00+  -  +  +0]  (using 

'  +  '  and  '  '  symbols  for  '1'  and  '  -  1')  and  orthogonal  matrix 
B  of  order  12.  Each  row  of  matrix  A'  =  [:r x^12^] 
and  Y  =  [y^;  .  ;y(12^]  constitute  a  certain  optimized 

punctured  ZCZP  (x^Ky^). 

I)  Autocorrelation  and  Cross  Correlation  Properties  The 
autocorrelation  property  and  cross  correlation 

properly  R(x^lKy^)  =  R(y^l\  xX^)  of  144-length  opti¬ 
mized  punctured  ZCZPS  (A.  V'),  are  shown  in  Fig.  1 . 
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Fig.  I.  (a)Pcnodic  autocorrelation  property  of  144  length  optimized  punc¬ 
tured  ZCZ  sequence-pair  (b)Periodie  cross  correlation  property 

of  144-lcngth  optinuzed  punctured  ZCZ  scqucncc-pair 


According  to  Fig.  1(a),  the  sidelobe  of  autocorrelation  of 
ZCZPS  can  be  as  low  as  0  when  the  time  delay  is  kept  within 
Zq  =  N i  —  2  =  10,  as  well  as  the  peak  and  sidelobe  of 
the  cross  correlation  value,  since  d  >  1.  The  only  uniform 
phase  code  that  can  reach  the  theoretical  maximum  peak  signal 
sidelobe  ratio  (PSR)  [15]  is  the  Barker  code  whose  length  is 
equal  or  less  than  13.  The  sidelobe  of  the  new  code  shown  in 


Fig  1  can  be  as  low  as  0  during  ZCZ,  and  the  PSR  can  be  as 
large  as  infinite  Besides,  the  length  of  the  new  code  is  various 
and  much  longer  than  the  length  of  the  Barker  code. 

2)  Ambiguity  function  Because  of  the  Doppler  shift 
f(i  [15],  the  main  peak  of  the  autocorrelation  function  is 
reduced  and  so  as  to  the  SNR  degradation.  Focusing  on  the 
sequence-pair  (x,y)  here,  the  receiving  sequence  in  ambiguity 
function  is  different  from  the  echo  signal  and  the  periodic 
correlation  is  used  instead  of  aperiodic  correlation  here  The 
ambiguity  function  can  be  rewritten  as 


-f+* 


Xi(1)e:tp(j2n FDt)y’  (t  +  T  r))dl 


(t,  Fd)  =  |  j 

T 

f  x,(t)exp(j2irFpt)y‘ (t  -  r)ilt\ 
J-Z+T 


(10) 


In  order  to  analyze  the  autocorrelation  performance  of  an 
optimized  punctured  ZCZP  with  delay-Doppler  shift,  equation 
(10)  is  plotted  in  Fig. 2  in  a  three-dimensional  surface  plot  In 


Delay  t/ffi 


Fig.  2.  Ambiguity  function  of  a  144-lcngth  ZCZ  scqucncc-pair 

Fig. 2,  there  is  relative  uniform  plateau  suggesting  low  and 
umnform  sidelobes.  This  low  and  uniform  sidelobes  minimize 
target  masking  effect  in  ZCZ  of  time  domain,  where  Z(>  10, 

-10<  r  <  10  r  /  0  When  Doppler  shift  is  well  controlled, 
there  are  peaks  on  period  of  12  and  sharp  peaks  on  period  of 
144  in  time  domain  which  could  be  used  to  detect  the  targets. 

IV  ZCZ  OPTIMIZED  PUNCTURED 
SEQUENCE-PAIR  WAVEFORM  CODING  IN  SONAR 
SYSTEM 

M  denotes  the  number  of  essentially  different  ZCZ  opti¬ 
mized  punctured  sequence-pairs.  The  receiver  is  pictured  as 
M  cross  correlators;  and  each  calculates  the  cross  correlation 
function  of  the  received  signal  r(t)  and  the  corresponding 
sequence  i  —  1 . 2, M) 

Suppose  that  the  transmission  was  the  summation  of  the 
M  outputs  of  the  transmitter  which  is  a  baseband 

sequence-controlled  phase-modulated  signal  from  the  ith  se¬ 
quence  with  r,Tc  time  delay.  Let  Z%(u)  be  the  output  from  the 
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?th  correlator,  and  Z  is  the  final  output  after  the  equal  gain 
combination  is  used  The  sample  output  is 

M 

z  =  (ll) 

»=i 

The  transmission  signal  is 


factor  cxp*(j2nFp  )  is  introduced  here 

\Z,(u)\  <\E\  +  \  [  ■cj(t)cTP(j2n(FDj  ■  Fp,))y‘(t)\ 

+  \  J  f  n(u,t)yj(t)exp‘(j2nFpit)dt\  (16) 


M 

S  =  Y,Si(t-TiTc)  (12) 

?=  I 

In  the  underwater  sonar  sensor  network  of  M  radars,  the 
combined  received  signal  for  the  radar  r  is 

M 

r(u.t)  =  £Xj(t  -  tj)exp(j2nFpJt)  +  n(u  t )  (13) 

)=' 

Fp  and  tj  arc  Doppler  shift  of  target  and  time  delay  relative 
to  waveform  j,  and  n(u.t)  is  additive  white  Gaussian  noise 
(AWGN).  The  structure  can  be  constructed  as  Fig. 3 


X 

i 

*,(0 

x  4j! 

MO  */(/-/,) 

12,1 

,  ( Wt 1  ► 

l 

X 

f  r(u,i)  ;  _  _  ^ 

J  Ray'e,oh  »/+\  ^  X  -  [ 

Channel  J 

?:</-/,) 

12, 1  _ 

,()<//'  ►  Equal 

! 

Gam 

Combining 

X 

i 

*<n 

X  -j 

2*  I 

>()<*;  ► 

Fig.  3.  Waveform  diversity  combining  in  RSN 


According  to  this  structure,  the  combined  received  signal 
r(u,f)  is  processed  by  the  matched  filter  i  and  the  output  of 
branch  i  is  Z, (u).  Each  Zt(u)  can  be  equal  gain  combined  to 
construct  the  final  output  Z(u). 

The  output  |Z,(?x)|  of  branch  i  is 


lj)cxp(j2nFDjl)  +  n{u,t)}y‘ (t  t.,)<U\  (14) 


Where  u(u)  =  J  2,  n(u,t)y’(t  -  t,)<H  can  be  easily  proved 
to  be  still  an  AWGN. 

We  can  also  have  two  special  cases  for  |Z,(ti)|: 

I )1  f  there  is  Doppcr  shift  but  no  lime  delay,  all  the  radar 
sensors  transmit  signals  synchronously,  |Z,(u)|  turns  to  be 

/$  A/ 

[^.Cj(£)er,.(j27rFDj)  +  n(u,t)]y’{i)dt\  (15) 

i  j=i 


Assuming  that  the  Doppler  shift  can  be  well  estimated  in 
the  receiving  radar  sensor,  so  the  Doppler  shift  compensation 


If  Fpx  =  Fp2  =  =  Fp}  —  Fp,  further  simlified  as 

\Zi(u)\  <  \F\  +  0  +  |  [  n(u,t.)y‘ (t)e.xp‘ (j2n Fp,t)dt\  (17) 

J-i 

2)  If  both  time  delay  and  Doppler  shift  exist  in  the  RSN, 
assuming  Fp ,  =  Fp2  =  ...  =  Fp  =  Fp,  considering  the 
Doppler  shift  compensation  factor  in  the  receiving  sensor, 

|Z,(«)|<|£|  +  |  /  [  ^  xjO 

~  "2  J  ^  l .  j  =  1 

+  1  /  n(u,1) y'(t  -  tj)expm(j2irFptt)(li\  (18) 

J  \ 

Because  of  the  good  properties  of  our  proposed  codes,  we 
modify  the  frame  of  receiving  data  before  the  matched  filter 
on  the  receiver  to  improve  the  performance.  The  data  from 
Af  +  I  to  rnax(tj)  +  N  arc  added  to  data  from  1  to  inax(tj), 
bit  by  bit,  where  N  is  the  original  data  length  and  t  j  is  the 
tTmc  delay  for  jth  transmitting  radar  sensor.  In  this  way  can 
we  get  the  output  of  the  matched  filter 
‘L 

12,(11)1  <  |E|  +0+  \J  rl(ut 0y,’ (t)exp‘ (j2n Fpt (19) 

According  to  (16)  and  (18),  it  is  easy  to  see  that  using  our 
provided  codes  and  frame  modification  the  underwater  sonar 
sensor  network  under  the  condition  of  time  delay  for  each 
radar  sensor  can,  to  some  extent,  theoretically  work  as  well 
as  the  network  where  all  the  sonar  sensors  transmit  signals 
synchronously. 

According  to  [15],  Pp  (Probability  of  Detection),  Pp a 
(Probability  of  False  Alarm)  and  Pm  (Probability  of  Miss) 
suffice  to  specify  all  of  the  probabilities  of  interest  in  a  sonar 
system  Therefore,  we  apply  optimized  punctured  ZCZPS  to 
the  underwater  sonar  sensor  network,  together  with  equal 
gam  combination  technique  in  the  simulation.  We  respectively 
simulated  P\j  and  Ppa  of  underwater  sonar  sensor  network 
using  our  optimized  punctured  ZCZ  sequence-pairs  comparing 
with  Gold  codes  of  comparative  length.  Two  special  cases 
of  performances  have  been  simulated  They  arc  performances 
under  the  condition  of  no  time  delay  but  Doppler  shift,  and 
under  the  condition  of  time  delay  (limited  w  ithin  the  ZCZ)  for 
each  radar  sensor  and  having  Doppler  shift 

Fig. 4  illustrates  that  when  Pm  =  10  3,  SNR  of  4-sensor 
underwater  sonar  sensor  network  using  Gold  codes  arc  \dB 
greater  than  that  of  4-scnsor  system  using  our  proposed  codes 
with  Doppler  shift  but  no  time  delay.  Considering  time  delay 
for  each  sensor  in  Fig. 4,  SNR  of  4-scnsor  underwater  sonar 
sensor  network  using  our  codes  can  gain  1.5 <113  smaller  than 
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V  Conclusion 
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Fig.  4  Probability  of  miss  detection  in  sonar  sensor  network  under  the 
condition  of  no  time  delay  but  Doppler  shift  or  time  delay  and  Doppler  shift 
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Fig  5.  Probability  of  false  alarm  in  RSN  under  the  condition  of  no  time 
delay  but  Doppler  shift  or  time  delay  and  Doppler  shift 

According  to  Fig. 5,  the  SNR  of  4-sensor  underwater  sonar 
sensor  network  within  our  proposed  codes  can  be  nearly  0  8 (113 
smaller  than  that  using  Gold  codes  in  order  to  achieve  the  same 
Pfa  10-3.  In  addition,  4-sensor  system  requires  1.5 dB 
more  than  that  of  4-scnsor  system  under  the  condition  of  both 
lime  delay  and  Doppler  shift  when  Pfa  =  10_1  8  . 

The  above  figures  distinctly  illustrate  that  detection  perfor¬ 
mances  of  underwater  sonar  sensor  network  using  our  propose 
codes  are  superior  to  that  using  Gold  codes.  The  performances 
of  underwater  sonar  sensor  network  considering  time  delay 
for  each  transimtting  sensor  arc  worse  than  those  under  the 
condition  of  no  lime  delay,  but  could  be  acceptable  Since 
the  lime  delay  estimate  in  the  receiving  part  may  introduce 
some  kind  of  inaccuracy  to  the  system  In  addition,  it  is  easy 
to  assume  that  the  more  sensors  used,  the  better  performance 
could  be  obtained. 


We  propose  and  investigate  a  new  kind  of  triphasc  codes- 
opttmized  punctured  ZCZPS,  provide  a  constructing  method 
and  analyze  the  codes’  properties  The  significant  advantage 
of  the  optimized  punctured  ZCZ  sequence-pair  set  is  a  consid¬ 
erably  reduced  autocorrelation  sidclobe  and  zero  mutual  cross 
correlation  value  as  low  as  zero  in  ZCZ.  Then  we  apply  our 
optimized  punctured  ZCZPS  to  the  underwater  sonar  sensor 
network,  of  which  the  system  structure  is  given  and  analyzed 
A  conclusion  could  be  drawn  from  the  simulation  results 
that  our  proposed  optimized  punctured  ZCZPS,  which  provide 
better  target  detection  performance  than  Gold  codes,  could 
satisfy  higher  demands  criterion  for  detection  accuracy  in 
modem  military  and  security  affairs  for  underwater  acoustics. 
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abstract 

In  radar  sensor  network  (RSN),  interference  with  each 
radar  can  he  effectively  reduced  when  waveforms  are  properly 
designed  In  this  paper,  we  firstly  perform  some  theoretical 
studies  on  co-existence  of  phase  coded  waveforms  in  RSN 
Then  we  give  the  definition  of  a  new  set  of  tripliase  coded 
waveforms  called  optimized  punctured  Zero  Correlation  Zone 
sequence-pair  set  (optimized  punctured  ZCZPS)  and  analyze 
their  properties  especially  their  optimized  cross  correlation 
property  of  any  two  sequence-pairs  in  the  set.  Furthermore, 
we  apply  our  newly  provided  triphase  coded  waveforms  and 
equal  gam  combination  technique  to  the  system  simulation, 
and  study  the  performances  versus  different  number  of  radars 
m  RSN,  with  Doppler  shift  or  not.  Simulation  results  show  that 
detection  performances  of  multiradars  (utilizing  our  optimized 
punctured  ZCZPS  and  equal  gain  combination),  either  under 
the  Doppler  shift  condition  or  not,  are  superior  to  those  of 
singler  radar 

Keywords:  Zero  correlation  zone:  Opimized  punctured  ZCZ 
sequence-pair.  Radar  sensor  network 

I  Introduction 

With  recent  rapid  development  in  information  fusion  tech 
nology,  much  time  and  effort  have  been  put  in  waveform 
design  Bell  [1]  who  introduced  information  theory  to  radar 
waveform  design,  concluded  that  distributing  energy  is  a  good 
choice  to  better  detect  targets  In  Sowelam  and  Tcwfik  [2]’s 
work,  each  waveform  selected  maximizes  the  KullbackLeibler 
information  number  that  measures  the  dissimilarity  between 
the  observed  target  and  the  alternative  targets  in  order  to 
minimize  the  decision  time.  However,  all  the  above  researches 
only  focused  on  a  single  active  radar. 

Multiple  radar  sensors  can  be  combined  to  form  a  multiradar 
system  to  overcome  performance  degradation  of  single  radar 
along  with  waveform  optimization  In  [3],  Liang  studied 
constant  frequency  (CF)  pulse  waveform  design  and  proposed 
maximum  likelihood  (ML)  automatic  target  recognition  (ATR) 
approach  for  both  nonfluetuaing  and  fluctuating  targets  in  a 
network  of  multiple  radar  sensors.  In  [4],  RSN  design  based  on 
linear  frequency  modulation  (LFM)  waveform  was  studied  and 
LFM  waveform  design  was  applied  to  RSN  with  application 
to  ATR  with  delay-Doppler  uncertainty  by  Liang  as  well. 


J. Liang  [5]  provided  an  orthogonal  waveform  model  for  RSN, 
which  eliminates  interference  when  there  is  no  Doppler  shift 
Phase  coded  waveform  design  is  on  of  the  widely  used 
waveform  design  methods  for  pulse  compression  which  allows 
a  radar  to  simultaneously  achieve  the  energy  of  n  long  pulse 
and  the  resolution  of  a  short  pulse  without  the  high  peak 
power  which  is  required  by  a  high  enery  short  duration 
pulse  [1].  Nevertheless,  the  radar  sensor  network  using  phase 
coded  waveforms  has  not  been  well  studied  so  far.  In  this 
paper,  we  firstly  theoretically  study  RSN  design  based  on 
phase  coded  waveforms*  the  conditions  for  waveforms  co¬ 
existence  Then  we  apply  our  newly  proposed  triphase  code 
called  optimized  punctured  ZCZ  sequence-pair  set  to  RSN  We 
perform  studies  on  the  codes’  properties,  especially  the  cross 
correlation  property  and  analyze  the  performance  of  optimized 
punctured  ZCZ  sequence-pairs  in  RSN  system  with  Doppler 
shift.  According  to  the  Monte  Carlo  simulation  results,  RSN 
based  on  optimized  punctured  ZCZ  sequence-pairs  provides 
promising  detection  performance  much  better  than  that  of 
single  radar,  in  terms  of  probability  of  miss  and  false  alarm 
detection  The  rest  of  the  paper  is  organized  as  follows. 
In  Section  2,  we  study  the  co-existence  of  phase  coded 
waveforms.  Section  3  introduces  the  definition  and  properties 
of  our  newly  provided  triphase  coded  waveform -optimized 
punctured  ZCZ  sequenec-pair  set  In  Section  4,  we  study  the 
performance  versus  the  number  of  radars  in  RSN  with  Doppler 
shift  In  Section  5,  conclusions  are  drawn  on  a  RSN  using  our 
optimized  punctured  ZCZ  sequence-pairs. 

11  CO-EXISTENCE  OF  PHASE  CODED 
WAVEFORMS  IN  RSN 

In  RSN,  radar  sensors  are  likely  to  interfere  with  eaeh  other 
and  the  performances  may  be  bad  if  their  waveforms  are  not 
properly  designed  Orthogonality  can  be  introduced  as  one 
criterion  for  the  phase  coded  waveforms  design  in  RSN  to 
make  radar  sensors  co-existence 

We  assume  there  are  N  radars  networking  together  in  a 
self-organizing  fashion  in  our  RSN  The  radar  ?  transmits  a 
waveform  as 

N- 1  N- 1 

Mt)  =  Z  *<’■>«  i>tc)  =  y  esp(j2nplu){t  htc))  (I) 

?l  —  0  71  —  0 

Here,  0  <  t  <  —  rc 


When  the  phase  coded  waveforms  arc  orthogonal  to  each 
other,  the  interference  from  one  waveform  to  the  another  can 
be  minimized  or  even  removed.  The  cross  correlation  between 
,t7 (t)  and  :r;(f)  could  be 
fT/2 

/  x,(t):c'(t)dt  (2) 

J  -T/2 

=  Tc  PXP\32n(-^  +  ^  )Tc(/^,(n)  -  P]"]\ 

n  =  0 

smc[rc(^l<n)  -  /i]"’)] 


Matsu f uj i  and  Torii  have  provided  some  methods  of  con* 
structing  ZCZ  sequences  in  [8]  [9]  In  this  section,  we  apply 
optimized  punctured  sequence-pair  [10]  in  ZCZ  to  construct  a 
new  set  of  triphase  code-optimized  punctured  ZCZ  sequence- 
pair  set. 

A  The  Definition  of  Optimized  Punctured  ZCZ  Sequence- Pair 
Set 

Definition  3-1  Assum c(x\r\  )  to  be  a  sequence-pair  of 
set  (A\E)  of  length  N  and  the  number  of  sequence-pairs  K , 
where  p  =  0,  1  N  1 ,  ?  =  0, 1  K  1,  if  sequences  in 
the  set  satisfy  the  following  equation 
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1,2,3,  it  satisfies  the  equation  (3).  In  this  way  can  phase 
coded  waveforms  be  orthogonal  to  each  other  and  work  well 
simultaneously  in  Radar  Sensor  Network  Nevertheless,  there 
are  time  delay  and  Doppler  shift  ambiguity  that  will  intro¬ 
duce  interference  to  waveforms  in  RSN.  Ambiguity  function 
(AF)  [6]  is  usually  used  to  succinctly  characterize  the  behavior 
of  a  waveform  paired  with  its  matched  filter 

The  matched  filter  for  waveform  x7(t)  is  x*(  — f).  In  the 
RSN  of  A/  radars,  the  radar  i  not  only  receives  its  own  back- 
scattered  waveform,  but  also  scattered  signals  generated  by 
other  M  1  radars  which  caused  interference  to  radar  i. 

Assuming  each  radar  transmits  signal  synchronously,  t  \  = 
t2  —  t a/  =0  and  considering  interferences  from  all  the  other 
A/  1  radars.  Assuming  time  delay  r  =  iutc  for  receiving 
radar  /,  the  ambiguity  function  of  radar  i  could  be 


A,(t,  Fd, - Fdm) 

rD C  M 

I  /  [^2  xj(t)ex.p(j2nFDt)}-J:j(t  -  r)dt\ 

'  °°  j  =  i 


(4) 


(5) 


where  0  <  A  <  1,  then  is  called  a  ZCZ  sequence- 

pair,  ZCZP(i\\h\Z o)  is  an  abbreviation,  and  (A'  V)  is 
called  a  ZCZ  sequence-pair  set,  ZCZPS(N ,  A .  Z0)  is  an 
abbreviation 

Definition  3-2  [10]  Sequence  u  =  (uo,it|,  ...  ii —  l )  is  the 
punctured  sequence  for  v—  (t’o,  t?i ,  •••,  *’N-i ), 

0,  if  j  €  p  punctured  bits 
Vj.  if  j  6  Non-punctured  bits 

Where  p  is  the  number  of  punctured  bits  in  sequence  u.  Thus, 
suppose  Vj  6  (  1, 1),  u  is  p-punctured  binary  sequence  that 

xij  6  (  1,0,  1),  (u,v)  is  called  a  punctured  binary  sequence- 

pair. 

Theorem  3-1  [10]  The  autocorrelation  of  punctured 
sequence  pair  (u,v)  is  defined 

N-  i 

^  uivU+r)modS,0  <r<N\  (7) 

/  0 


(6) 


=  K-E  E  ”°(y  +  m  -  1)7,. 

j  =  l  n  =  m 

F dj r  ^ (  —  +  0Tc  +  FDj(~  —  -F  n  -F  1  )rc]] 

Here,  0  <  i  <=  A/.  (5)  consists  of  two  parts:  useful 
signal(reflected  signal  from  radar  i  waveform),  j  =  i  part  in 
the  (5);  and  interferences  from  other  M  -  1  radar  waveforms, 
j  /  i  parts  in  (5).  Since  £n=o  7 rrc(/?<">  -  /?<"-"*>  +  Fo)  = 
ki :.k  =  1,2,3..  ,  it  satisfies  that  A(t,  FD)  =  0,  when 
Fp  =  ±.k  =  0.  1,2. 

ill  Optimized  Punctured  ZCZ  Sequence-Pair  set 

Zero  correlation  zone  (ZCZ)  is  a  new  concept  provided  by 
Fan  [7]  in  which  both  autocorrelation  and  cross  correlation 
side  lobes  are  zero  while  the  time  delay  is  kept  within  the  ZCZ 
instead  of  the  whole  period  of  time  domain 


If  the  punctured  sequence  pair  has  the  follow  ing  autocorre¬ 
lation  property 


R,v(r) 


F,  if  r  OmodjV 
0,  others 


(8) 


the  punctured  sequence-pair  is  called  optimized  punctured 
sequence-pair  (10).  Where,  E  =  = 

N  -  p,  is  the  energy  of  punctured  sequence-pair 

The  properties,  existing  necessary  conditions  and  some 
construction  methods,  with  help  of  already  known  sequences, 
of  punctured  binary  sequence-pair  have  been  well  studied  by 
Jiang  [10]  Many  optimized  punctured  sequence-pairs  have 
been  found  of  length  from  7  to  3 1  so  far. 

Definition  3-3  If  y\p^)  in  Definition  3-1  is  constructed 
by  optimized  punctured  sequence-pair  and  a  certain  matrix, 
such  as  Hadamard  matrix  or  an  orthogonal  matrix,  where 

r\p)  6  (-1  1),  i  =  0,  1  2 . A’  -  1 

y,(,,)  6  (-1.0. 1),  j  =  0. 1.2,  . .,N  -  1 
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N-  i  N- 1 

/?  / T X  _  V  rip)Jq)m  -  V  uip)xiqh 

‘H  y(i  +  T)moJA'  —  Z_^  Vi  'L{i  +  T)motlN 

1=0  z=o 


AAr 

0. 

0. 


for  r  —  {}.])  =  q 
for  r  =  ()./;  ^  q 
for  0  <  |r|  <  Z0 


(9) 


where  0  <  A  <  1,  then  (xj^yj1^)  can  be  called  an  optimized 
punctured  ZCZP. 


B  Design  far  Optimized  Punctured  ZCZ  Sequence-pair  Set 
Based  on  odd  length  optimized  punctured  binary  sequence 
pairs  and  a  Hadamard  matrix,  an  optimized  punctured  ZCZ 
sequence-pair  set  can  be  constructed  from  the  following  steps: 

Step  1:  Given  an  odd  length  optimized  punctured  binary 
sequence-pair  (uj1),  the  length  of  each  sequence  is  N\ 

u  =  it{),Uu  . — i.u,  6  (-  1,1), 

V  =  t’o.t'i . -  \ ,  V*  £  (-1,0, 1), 


Step  2.  Given  Hadamard  matrix  B,  the  length  of  the 
sequence  is  N2  which  is  equal  to  the  number  of  the  sequences 

B  =  (6°;  b] : /;Nj_ *),/,'  =  (6fl,6p  ...,6/Vj-i) 


C  Properties  of  Optimized  Punctured  ZCZ  Sequence-pair  set 
Considering  the  optimized  punctured  ZCZPS  that  is  con¬ 
structed  by  the  method  mentioned  in  the  last  part,  the  auto¬ 
correlation  and  cross  correlation  properties  can  be  simulated 
and  analyzed  with  Matlab.  For  example,  the  optimized  punc¬ 
tured  ZCZPS  (Ar,K)  is  constructed  by  31 -length  optimized 
punctured  binary  sequence-pair  (1/,  t>),  u  =  [+  +  +  -f  -  + 

-+-  +  +  + - + - + - +  +  +  -+  + -],v  = 

[-F  T  4-  -F  000  -p  0  +  0  +  +  +  0000  -p  00  -p  00  -p  P  P  0  P  po] 
(using  and  '  symbols  for  '  1 7  and  '  -  1')  and  Hadamard 
matrix  H  of  order  4.  We  follow'  the  three  steps  presented  in 
Section  B  to  construct  the  1 24- length  optimized  punctured 
ZCZPS.  The  number  of  sequence-pairs  here  is  4  and  the  length 
of  each  sequence  is  31  *  1  =  124.  The  first  row  of  each 
matrix  X  =  [x\\  :r2:  X3:  x.\]  and  Y  =  [1/1 : 3/2 ♦  V3\ 2/1)  constitute 
a  certain  optimized  punctured  ZCZP  (xi:yj).  Similarly,  the 
second  row  of  each  matrix  Ar  and  Y  constitute  another 
optimized  punctured  ZCZ  sequence-pair  (12,1/2)  and  so  on. 

I)  Autocorrelation  and  Cross  Correlation  Properties:  The 
autocorrelation  property  /?(xi,yi)  and  cross  correlation  prop¬ 
erty  R(x  1 ,  y2 )  =  R{y  1 ,  £2)  of  1  24-lcngth  optimized  punctured 
ZCZPS  (A.K),  are  shown  in  Fig.l 


Step  3:  Processing  bit-multiplication  on  the  optimized  punc¬ 
tured  binary  sequence-pair  and  each  row  of  Hadamard  matrix 
B  lhen  scqucncc-pair  sci  (A\  V)  is  obtained, 

•<;  =  <  *  <  N,  -  1,0  <j  <  A'  ] 

x  =  ...,*'*-1  ) 

y)  =  .v2.0  <i<tf2-1.0<j<JV-l, 

>  =  -  (yo.y'i,-  -  - ,  yjv  _ , » ) 

Where  GCD(NUN2)  =  1  and  N  =  /V,  *  JV2.  The 
three  steps  make  the  sequence-pair  set  (A,  Y)  an  optimized 
punctured  ZCZPS,  where  ZCZ  Zo  =  Ari  -  1  The  length  of 
each  sequence  in  optimized  punctured  ZCZPS  is  Ar  =  N\  *  No 
that  depends  on  the  product  of  length  of  optimized  punctured 
sequence-pair  and  the  length  of  a  row  in  Hadamard  matrix 
The  number  of  sequence-pairs  in  optimized  punctured  ZCZPS 
rests  on  the  order  of  the  Hadamard  matrix.  The  sequence  x 1 
in  X  and  the  corresponding  sequence  y 1  in  Y  construct  an 
optimized  punctured  ZCZP  (x\ y*)  that  can  be  used  as  a  phase 
coded  waveform,  such  as  x1  for  radar  transmitter  and  y7  for 
radar  receiver.  The  phase  states  for  any  sequence-pair  among 
(.r7,y7)  are  -7r,0  and  7r,  so  our  newly  provided  optimized 
punctured  ZCZPS  is  a  new  sel  of  triphase  codes 

It  is  easy  to  prove  that  the  correlation  property  of  the 
sequence-pairs  in  the  set  is: 

/?, r-y’(T)  =  R-ny  (r)  =  Hvv(TmodN\)Rb>b>(rmodN2) 

=  /?  uv(rmodU  i )  Rbl  y  (rmmiJV,) 

(  EN2,  ifr=0.»  =  j 

=  <  0  if  0  <  |t|  <  /Vj  I .  ?  =  j  (10) 

1  0.  if  i  /  j 

According  to  Definition  3-1,  the  sequence-parr  set  con¬ 
structed  by  the  above  method  is  a  ZCZPS 
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Fig.  1.  Periodic  autocorrelation  property  of  optimized  punctured  ZCZ 
scqucncc-pair  sci 

From  the  Fig.l,  the  sidelobc  of  autocorrelation  of  ZCZPS 
can  be  as  low  as  0  when  the  time  delay  is  kept  within  Z o  - 
A]  =  31  and  the  cross  correlation  value  is  0  during  the  whole 
time  domain 

It  is  known  that  a  suitable  criterion  for  evaluating  code 
of  length  N  is  ratio  of  the  peak  signal  divided  by  peak 
signal  sidelobe  ratio  (PSR)  of  their  aperiodic  autocorrelation 
function,  which  can  be  bounded  by  [6] 

[PSRUb  <  20 logN  =  [rSBm(tx](W  ( 1 1 ) 

The  only  uniform  phase  codes  that  can  reach  the  BSBinu.j 
are  the  Barker  codes  whose  length  is  equal  or  less  than  1 3 
The  sidelobe  of  the  new  code  shown  in  Fig.  1  can  be  as  low  as 
0,  and  the  peak  signal  to  peak  signal  sidelobe  can  be  as  large 
as  infinite.  Besides,  the  length  of  the  new'  code  is  various  and 
much  longer  than  the  length  of  the  Barker  code. 
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2)  Ambiguity  function  When  the  transmitted  impulse  is 
reflected  by  a  moving  target,  the  reflected  echo  signal  includes 
a  linear  phase  shift,  which  comes  from  the  Doppler  shift 
/,/  [6],  Because  of  the  Doppler  shift  /</,  the  main  peak  of 
the  autocorrelation  function  is  reduced  and  so  as  to  the  SNR 
degradation.  Focusing  on  the  sequence-pair  (ac,  y)  here,  the 
receiving  sequence  in  ambiguity  function  is  different  from  the 
echo  signal  and  the  periodic  correlation  is  used  instead  of 
aperiodic  correlation  here  The  ambiguity  function  in  [6]  can 
be  rewritten  as 

-  3  +  T 

A(t,  I'll)  =  |  /  x(t)cxp(j2n Fpt)y’ (t  +  T  -  r))dt 

1  f 

L 

4  [  x(t)exp(j2-nFpt)y‘(t  -  t)<U\  (12) 

J  $+T 

In  order  to  analyze  the  autocorrelation  performance  of  an 
optimized  punctured  ZCZP  with  delay-Doppler  shift,  Equation 
(12)  is  plotted  in  Fig. 2(a)  in  a  three-dimensional  surface  plot. 
Mere,  maximal  time  delay  is  1  unit  (normalized  to  length  of  the 
code,  in  units  of  NTs)  and  maximal  Doppler  shift  is  3  units  for 
autocorrelation  (normalized  to  the  inverse  of  the  length  of  the 
code,  in  units  of  1/NTs).  In  Fig  2(a),  there  is  relative  uniform 


(b) 


uniform  sidelobes  minimize  target  masking  effect  in  ZCZ  of 
time  domain,  where  Z()  =  31,  -31  <  r  <  31,  t  f  0 

D  Co-existence  of  Optimized  Punctured  ZCZ  Sequence-pairs 

Considering  interference  from  other  radars  j  f  /,  with 
delay-Doppler  shift,  the  ambiguity  function  of  radar  ?  can  be 
expressed  as 

MJ-  F D) , -Fd„  )  (13) 

oc  M 

y^(xj(/)c.T;;(;27r/’Di/.)y;(f  -  r)dt\ 

~  j 

Fig. 2(b)  is  three-dimensional  surface  plot  to  analyze  the 
ambiguity  function  of  radar  i  (considering  interference  from 
other  radars). Generally  speaking,  Fig  2(b)  closely  resembles 
Fig. 2(a).  Without  Doppler  shift,  there  are  regular  high  peaks 
on  multiplers  of  period  of  3 1  which  is  the  length  of  ZCZ.  And 
the  high  peak  on  zero  time  delay  point  can  be  used  to  detect 
targets.  Hence,  even  considering  the  interference  from  other 
M  —  1  radars,  the  radar  i  may  work  as  well  as  there  is  no 
interference. 

When  time  delay  equals  repetition  of  Zo  =  31,  the  figures 
of  amplititude  versus  Doppler  shift  are  the  same  Because  of 
periodic  property  of  our  code.  Hence,  output  of  matched  filter 
of  radar  i  (considering  interference  from  other  radars),  with 
time  delay,  is  illustrated  on  right  side  of  Fig  2(b).  For  some 
traditional  phase  coded  waveforms,  when  Doppler  frequencies 
equal  to  multiples  of  the  pulse  repetition  frequency  (PRF  = 
\/PRI  =  \/Ts)  the  ambiguity  value  turns  to  be  zero  which 
will  render  the  radar  blind  [6]  to  their  velocities.  Nevertheless, 
from  Fig. 2(b),  ambiguity  values  arc  zero  only  when  Doppler 
frequencies  are  equal  to  odd  multiples  of  the  PRF  Therefore, 
using  the  optimized  punctured  ZCZ  sequence-pair  in  the  RSN 
system  could,  to  some  extent,  improve  the  blind  speed  problem 
in  moving  target  detection  system 

IV.  System  Simulation  in  Radar  Sensor  Network 

In  RSN  of  M  radars,  the  combined  received  signal  for  the 
radar  ?  is 

At 

r,(u.l)  =  y -  tj)exp(j2n Fpjt)  +  n(u,t)  (14) 

J=! 

Fp3  and  t3  are  Doppler  shift  of  target  and  time  delay  rel¬ 
ative  to  waveform  j,  and  n(u,l)  is  additive  white  Gaussian 
noise(AWGN).  The  structure  can  be  constructed  as  Fig  3. 

According  to  this  structure,  the  combined  received  signal 
rx(uyt)  is  processed  by  its  corresponding  matched  filter  i  and 
the  output  of  branch  i  is  Zt(uj).  Each  Zx(uJ)  can  be  equal 
gain  combined  to  construct  the  final  output  Z(u.t). 

The  output  of  branch  i  is 


Fig.  2.  (a)Ambiguity  funclion  of  a  124-lcngth  ZCZ  scqucncc-pair(z, ,  y, ) 
(b)Ambiguily  funclion  of  radar  t  (considering  inlcrfcrcncc  from  other  radars) 


plateau  suggesting  low  and  uninform  sidelobes.  This  low  and 
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£  M 

/  .  - ■  t})expU2*rDjt)  +  n(u.f)] 

Ji  j= 1 

Vi(t  (15) 
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the  receiving  radar  sensor  to  improve  the  RSN  performance 
The  data  from  +  1  to  max(t j)  +  N  are  added  to  data  from 
1  to  max(tj)y  bit  by  bit,  where  N  is  the  original  data  length 
and  ij  is  the  time  delay  for  jih  transmitting  radar  sensor  In 
this  way  can  we  get  the  output  of  the  matched  filter 

\Z,(u)\  (20) 

r~  z 

<  lEI  +  O  +  ly  n(u,t)y’(i)exp"(j2i\FD,t)d1\ 


U.l 


-V«  6  ~  ^ M  ) 


F ig  3  Waveform  diversity  combining  in  RSN 

Where  n(ix)  —  f  l  n(«  t)y*(t  -  ti)dt  can  be  easily  proved 
to  be  still  an  AWCjW 

We  can  also  have  two  special  cases  for  |Z,*(u)|: 

1  )l f  there  is  Dopper  shift  but  no  time  delay,  all  the  radar  sen¬ 
sors  transmit  signals  synchronously,  t\  =  (2  —  •••  =  *a/  =  0, 
then 


\ZM\ 

I  /  !^a'j(t)exp(j2^FD  ) 


(16) 


A/ 


Assuming  that  the  Doppler  shift  can  be  well  estimated  in 
the  receiving  radar  sensor,  so  the  Doppler  shift  compensation 
factor  exp*  (j2tt  Fp})  is  introduced  here. 


|Z,(U)|  <  |£|+| 


f '  "2 

/  \S^Xj(t)exp(j2n(F[)  —  Fp  ))y'(lj l110  f°r  cach  SNR  value.  Since  equal  gain  combination  is  used 
J -  l  here,  the  threshold  for  detection  is  chosen  to  be  around  0.5. 


Based  on  ( 1 7)  and  (20),  it  is  easy  to  see  that  using  our  provided 
codes  and  frame  modification,  the  RSN  under  the  condition  of 
time  delay  for  each  radar  sensor  can,  to  some  extent,  work  as 
well  as  the  RSN  where  all  the  radar  sensors  transmit  signals 
synchronously 

We  apply  optimized  punctured  ZCZPS  as  a  bank  of  phase 
coded  waveforms  together  with  equal  gain  combination  tech¬ 
nique  in  the  simulation  in  order  to  study  the  performance 
versus  different  number  of  radars  in  RSN  with  Doppler  shift 
According  to  [6],  /^/(Probability  of  Miss  Detection)  and 
^^(Probability  of  False  Alarm)  suffice  to  specify  all  of  the 
probabilities  of  interest  in  radar  system  Therefore,  we  respec¬ 
tively  simulated  the  above  two  probabilities  of  different  num 
ber  of  radars  using  different  number  of  optimized  punctured 
ZCZ  sequence-pairs  in  single  radar  system,  4-radar  system  and 
8-radar  system  together  with  I  -radar  system  using  Barker  code 
respectively.  Two  special  cases  of  performances  have  been 
simulated.  They  are  performances  under  one  condition  of  no 
tune  delay  but  having  Doppler  shift,  and  under  the  another 
condition  of  tunc  delay  for  each  radar  sensor  and  having 
Doppler  shift  1()6  times  of  Monte-Carlo  simulation  has  been 


j= i 


n(u,t)y’(t)exp“  (j2n  Fn,t)dt\ 


If  Fpx  =  Fp ^  =  ...  =  Fpt  =  Fp ,  further  simlificd  as 


\Z,(u)\ 
\E\  +  0  + 


(18) 


I. 


¥ 


¥ 


n{u,  t)y'(  (/ )exp'  (j2n FDi  i  )dt \ 


2)  If  both  time  delay  for  each  transmitting  radar  sensor  and 
Doppler  shift  exist  in  the  RSN,  assuming  F px  =  Fp 2  =  ...  = 
Fp  =  Fp,  considering  the  Doppler  shift  compensation  factor 
in  the  receiving  sensor, 


\Z,(u)\ 


(19) 


I  E\  + 


r  L  M 

2 


1j)}y’,(i  -  U)(H\ 


'/ 


n(it.t)y'(t  -  tj)exp’{j2i\FDxi)di.\ 


Because  of  the  good  periodic  autocorrelation  and  cross 
correlation  properties  of  our  proposed  codes,  the  frame  of 
receiving  data  could  be  modified  before  the  matched  filter  on 


here,  the  threshold  for  detection  is  chosen  to  be  around  0.5. 
The  miss  detection  probabilities  of  the  envelope  detector  in 
(]7^SN  under  the  condition  of  two  special  eases  mentioned  above 
are  compared  in  Fig  4(a)  and  Fig  4(b)  respectively  Fig. 4(a) 
illustrates  that  when  P\j  =  10 "3,  SNR  of  8-radars  arc  2.2 dB 
smaller  than  that  of  single  radar  system  using  Barker  code 
with  Doppler  shift  Considering  time  delay  for  each  radar  in 
multiple  radars  system  in  Fig  4(b),  SNR  of  8-radar  RSN  can 
gain  1.7 dB  smaller  than  4-radar  SNR  to  aeheive  the  same 
Pm  =  10-3. 

The  false  alarm  probability  of  envelope  detector  in  different 
number  of  radars  under  the  condition  of  the  two  special  cases 
are  shown  in  Fig. 5(a)  and  Fig.5(b)  respectively.  From  Fig. 5(a), 
the  SNR  of  8-radars  can  be  nearly  3  SdB  smaller  than  that  of 
single  radar  system  using  Barker  code  in  order  to  achieve  the 
same  Ppa  =  10  2.  From  Fig  6(b),  4-radar  system  requires 
1 .7(113  more  than  that  of  8-radar  RSN  under  the  condition  of 
both  time  delay  and  Doppler  shift 

The  above  figures  distinctly  illustrate  that  performances 
of  detection  of  multiradars(utilyzing  our  optimized  punctured 
ZCZPS  and  equal  gain  combination)  arc  superior  to  that  of 
singlcr  radar  In  addition,  the  performances  of  4-radar  and  8- 
radar  RSN  considering  time  delay  for  each  radar  transmitting 
sensor  can  be  comparable  to  those  under  the  condition  of  no 
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(b) 

Fig.  4  Probability  of  nnss  detection  in  RSN  under  the  condition  of.  (a)No 
time  delay  but  Doppler  shift  (b)Timc  delay  and  Doppler  shift 


time  delay. 

V  Conclusion 

We  have  studied  phase  coded  waveform  design  and  spatial 
diversity  under  the  condition  of  Doppler  shift  in  RSN  In 
this  paper,  we  also  investigate  the  definition  and  properties 
of  optimized  punctured  ZCZPS,  which  can  be  used  as  a  set 
of  phase  coded  waveforms  tn  RSN  The  significant  advan¬ 
tage  of  the  optimized  punctured  ZCZ  sequence-pair  set  is 
a  considerably  reduced  autocorrelation  sidelobe  as  low  as 
zero  in  ZCZ  and  zero  mutual  cross  correlation  value  in  the 
whole  time  domatn  Because  any  two  optimized  punctured 
ZCZPs  among  an  optimized  punctured  ZCZPS  have  the  ideal 
orthogonal  property,  they  can  eo-extst  in  RSN  and  achieve 
better  detection  performance  than  that  of  a  single  radar.  The 
general  eoneluston  can  be  drawn  that  applying  our  optimized 
punctured  ZCZPS  as  a  bank  of  phase  coded  waveforms  to 
a  RSN  can  effectively  satisfy  higher  demands  criterion  for 
detection  accuracy  in  modem  military  and  seeurtty  affairs.. 
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(b) 

Fig.  5.  Probability  of  false  alarm  in  RSN  under  the  condition  of:  (a)No  time 
delay  but  Doppler  shift  (b)Time  delay  and  Doppler  shift 
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Abstract  In  1  his  paper,  we  study  the  interference  analysis 
in  a  Noeohercnt  Frequency-Hopping  (NC-FH)  MKSK  rural 
infrastructure  Wireless  Mesh  Networks  (WMNs)  with  eaeh 
router  node  being  equipped  with  multiple  radio  interfaces. 
Our  choice  of  the  FH/MFSK  modulation  technique  here 
is  not  just  to  satisfy  the  security  requirement  in  military 
communications  but  also  to  provide  easy  implementation  for 
each  router  nodes;  since  FH/MFSK  modulation  technique  has 
been  specified  in  IEEE  802.1  1  standard,  these  router  nodes 
can  he  implemented  also  using  IEEE  802.1 1(FH)  equipments. 
The  performances  of  noncoherent  slow  frequency-hopping 
system  with  A/-ary  frequeney-shift-keyed  modulation  (NC- 
FH/MFSK)  with  AWGN  channel  and  Rician  fading  under 
independent  multitone  jamming  (independent  MTJ)  are  in¬ 
vestigated  in  this  paper  The  expressions  for  calculating  the 
exact  HER  performances  of  the  system  under  the  effect  of 
the  jamming  strategies  are  derived.  We  apply  the  analyses 
to  channel  assignment  (CA)  in  multiradio  rural  WMNs.  We 
obtain  a  new  interference  model  combining  interfenee  tone 
and  partial  band  noise,  which  would  be  incorporated  into 
the  CA  algorithm  to  assign  the  most  appropriate  channel 
(or  hopping  pattern,  in  our  ease)  to  links  in  the  mesh. 
Because  it  takes  into  account  both  the  intra-network  and  the 
eoexisting-network  interferences,  the  new  interference  model 
thus  refleets  a  very  realistic  interference  situation  in  WMNs. 


I  Introduction 

Wireless  mesh  networks  (WMNs)  consist  of  mesh 
routers  and  mesh  clients,  where  mesh  routers  have  minimal 
mobility  and  form  the  backbone  of  WMNs.  They  provide 
network  access  for  both  mesh  and  conventional  clients. 
The  integration  of  WMNs  with  other  networks  such  as 
the  Internet,  cellular,  IEEE  802.11,  IEEE  802.15,  IEEE 
802.1 6,  sensor  networks,  etc  ,  can  be  accomplished  through 
the  gateway  and  bridging  functions  in  the  mesh  routers. 
Mesh  clients  can  be  either  stationary  or  mobile,  and  can 
form  a  client  mesh  network  among  themselves  and  with 
mesh  routers  [I].  The  IEEE  802.1  Ib/g  and  IEEE  802  1  la 
standards  define  3  and  12  non-overlapping  frequency  chan- 
ncls,  respectively  Using  multiple  channels  in  multi-radio 
WMNs  greatly  improves  the  network  throughput  [8],  One 
of  the  most  important  design  questions  for  a  multi-radio 
WMN  is  the  channel  assignment  problem,  i.e.,  how  to  bind 
each  radio  interface  to  a  radio  channel  [3] 


Most  of  the  WMN,  nowadays,  are  deployed  using  com¬ 
mercial  off-the-shelf  (COTS)  IEEE  802.1  1  equipment  due 
to  its  relatively  low  cost  and  high  performance  and,  to 
provide  an  adequate  support  for  high  data  traffic,  especially 
in  infrastructure  networks,  the  mesh  arc  usually  formed 
by  router/gateway  nodes  that  are  equipped  with  multiple 
IEEE  802  I  1  radio  interfaces.  However,  it  is  widely  known 
that,  as  the  size  of  the  WMN  increases,  mesh  routers  tend 
to  interfere  more  with  each  other,  thus,  the  capacity  of 
the  network  drops.  To  achieve  the  reasonable  throughput 
from  WMN,  therefore,  several  publications  ([11]-[14]) 
have  proposed  algorithms,  which  are  focused  to  reduce 
such  intra-network  interference  by  carefully  managing  how 
each  node  accesses  to  the  media.  And,  as  a  part  of 
their  studies,  numerous  attemps  were  devoted  to  acquire 
the  interference  models,  which  can  provide  as  accurate 
interference  estimation  as  possible.  In  ( 1  I  ],  an  interference- 
aware  channel  assignment  (CA)  algorithm  has  been  pro¬ 
posed  for  multiradio  IEEE  802  1 1  WMN.  The  centralized 
CA  algorithm  was  designed  by  taking  into  account  both 
the  interferences  among  router  nodes  and  the  external 
interference  from  co-existing  network.  To  estimate  the  two 
types  of  interferences,  the  author  developed  the  Multiradio 
Conflict  Graph  (MCG)  and  used  it  for  modelling  the 
interferences  among  router  nodes  while,  for  the  co-existing 
network  interference,  the  inherited  IEEE  802.1  I  radio¬ 
sensing  mechanism  was  adopted  to  periodical!  monitor  for 
unrecognized  radios.  Also,  in  [7],  the  author  has  proposed 
an  interference  model  for  partially  overlapped  channels 
and,  to  illustrate  its  benefit,  the  model  was  thus  used  to 
enhance  the  performance  of  two  previously  proposed  CA 
algorithms.  In  [6],  a  hybrid  channel  assignment  scheme  is 
proposed  where  some  radios  are  statically  assigned  a  chan¬ 
nel  while  the  remaining  radios  can  dynamically  change 
their  frequency  channel  In  [4],  throughput  improvements 
was  studied  by  replacing  CSMA/CA  with  an  STDMA 
scheme  where  transmissions  are  scheduled  according  to  the 
physical  interference  model  In  (3],  a  centralized  channel 
assignment  and  routing  algorithm  is  developed  for  multi¬ 
radio  WMNs  aiming  to  maximize  the  network  throughput 
An  integer  linear  programming  (ILP)  model  was  used  to 
evaluate  the  performance.  Recently,  a  seminar  work  on  su- 


perimposed  code-based  channel  assignment  was  proposed 
for  MR-MC  WMNs  [19] 

In  this  paper,  we  will  study  the  channel  assignment 
in  an  Nocohcrcnt  Frequency-Hopping  (NC-FH)  MFSK 
rural  infrastructure  WMN  with  each  router  node  being 
equipped  with  multiple  radio  interfaces.  Our  choice  of 
the  FH  modulation  technique  here  is  not  just  to  satisfy 
the  security  requirement  in  military  communications  but 
also  to  provide  easy  implementation  for  each  router  nodes; 
since  FH/MFSK  modulation  technique  has  been  specified 
in  IEEE  802.11  standard,  these  router  nodes  can  be  im¬ 
plemented  also  using  IEEE  802.1  l(FH)  equipments.  Gen¬ 
erally,  these  IEEE  standard  FH  equipments  uses  83.5MHz 
of  ISM  frequency  bandwidth  (2  4GHz-2  4835GHz)  as  the 
operational  bandwidth  and  divide  it  into  79  FH  bands, 
each  with  I  MHz,  to  support  the  FH  modulation  technique. 
Subsequently,  to  enable  multiple  transmissions,  three  non¬ 
colliding  hopping  patterns  are  established,  each  with  26 
FH  bands  [5].  We  have  observed  that  if  we  can  assign 
different  hopping  patterns  to  the  radio  interfaces  of  router 
nodes  properly,  simultaneous  transmissions  will  be  allowed 
throughout  the  mesh,  consequently  increase  the  mesh  ca¬ 
pacity.  Should  we  consider  hoppping  patterns  as  radio 
channels,  hence,  the  assignment  of  hopping  patterns  is 
equivalent  to  the  assignment  of  channels  to  radio  interfaces 
and  the  channel  assignment  (CA)  algorithm  can  then  be 
used  for  assigning  the  hopping  patterns. 

The  rest  of  this  paper  is  organized  as  follows.  In 
Section  II,  the  BER  expressions  for  NC-FH/MFSK  system 
with  AWGN  channel  and  Rician  fading  under  independent 
multi-tone  jamming  (MTJ)  will  be  derived.  Section  III  will 
be  devoted  for  the  study  of  the  channel  assignment  in  rural 
NC-FH/MFSK  WMN.  Section  IV  will  conclude  the  paper 

11.  NC-FH/MFSK  UNDER  INDEPENDENT  MULTITONE 
Jamming 

In  this  paper  the  FH  system  is  assumed  to  be  slow 
hopping  over  N  non-overlapping  FH  bands,  i.e  a  hop 
period  is  a  multiple  of  symbol  period  (Th=kTs,  where 
k~  1,2,3,..).  Each  FH  band  is  comprised  of  A I  =  2K 
signal  frequencies  of  the  A/-ary  FSK  modulation  Hence, 
there  arc  N  M  possible  frequency  bins  for  a  signal  tone 
to  be  transmitted  If  all  FH  bands  are  contiguous,  the  total 
communication  bandwidth  thus  equals  to  Br  =  NM/T9. 
Also,  we  will  assume  that  the  transmission  bit  rate  of 
the  system  is  Rb  =  A  Rs  =  K /Ts>  where  Rs  =  1  /T, 
denotes  the  symbol  rate  And,  the  average  received  power 
for  every  symbol  transmitted,  regardless  of  the  channels 
cfTcct,  is  assumed  to  be  PH  or  an  average  symbol  energy 
of  Es  =  PgTa.  Therefore,  the  received  bit  energy  can  be 
calculated  by  Eb  =  E» / 1 eg? A7 . 

The  jamming  source  of  interest  is  assumed  to  possess 
the  complete  description  of  the  signal  transmitted  from 
the  NC-FH/MFSK  system  and  able  to  transmit  multiple 
signal-like  interference  tones  simultaneously  within  one 
symbol  time,  Ts.  Also  it  is  assumed  that  the  power  source 


in  the  jammer  is  an  ideal  source  and  can  supply  the  power 
constantly  at  all  time  While  ry,  1  <  q  <  NMy  is  the 
number  of  simultaneously  transmitted  interference  tones, 
which  are  distinct  and  uniformly  distributed  over  the  entire 
bandwidth  Br,  if  we  assume  that  the  total  interference 
tone  power  at  the  receiver  is  Pjt  and  that  each  interference 
tone  equally  shares  this  power,  the  received  power  for  each 
interference  tone  is  therefore  equal  to  P3  =  P3r/< /  °r  the 
received  energy  of  E3  —  P3TS  =  P3tTs/q 

The  transmitted  signal  and  interference  tones  arc  as¬ 
sumed  to  undergo  an  independent  fading  channel  before 
arriving  at  the  receiver  with  noncoherent  detection  scheme 
and  all  fading  channels  in  this  study  are  modeled  as  slow 
fading,  frequency  non-selective  Rician  processes,  whose 
PDF  are  of  the  form 
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where  /q (  )  denotes  the  zero'*'  order  modified  Bessel 
function  and  u(-)  is  the  unit  step  function,  o2  and  2rr2 
are  the  average  power  of  the  LOS  (Linc-Of-Sight)  and  the 
scattering  rays  of  the  fading  channel  We  can  also  define 
another  parameter  to  determine  the  Rician  fading  channel 
by  using  the  ratio  of  o2  and  2 <7 2  This  ratio  is  called  the 
Rician  K  factor,  Kk  =  a2 /2a2  where  k=l,2  is  used  for 
signal  tone  and  interference  tone  respectively  It  is  used  to 
determine  how  severe  the  multipath  effect  is. 

At  the  receiver,  the  received  signal  will  be  noneohcrently 
detected  and  it  is  assumed  that  each  symbol  of  the  A/-ary 
FSK  is  equally  likely.  The  receive  signal  can  be  represented 
as 

r,(u,()  =  Xk\/2P,cos(uJmt  +  4>,)  +  n(u,t)  (2) 


where  x is  a  Rician  random  variable  representing  the 
envelope  of  the  fading  channel  and  its  PDF  can  be  rep¬ 
resented  as  (1)  Pi  is  the  average  received  power  of  the 
tone  if  the  effect  of  fading  channel  is  not  accounted.  The 
subscript  ?=sj  denotes  signal  tone  and  interference  tone 
respectively.  u/m,  7n-l  ,2,..,A/,  is  angular  frequency  for 
an  MFSK  symbol  and  </>  is  unknown  phase.  7i(u.t)  is 
AWGN,  Gaussian-proeess  thermal  noise,  with  total  power 
ol  =  No/T,. 

Since  the  interferers  arc  distinct  and  uniformly  distrib 
uted,  in  any  hop  there  can  be  as  few  as  none  and  as  many 
as  min(q,M)  interference  tones  Hence,  the  probability 
of  symbol  error  (or  sy  mbol  error  rate,  SER)  of  the  system 
can  be  calculated  by 

Ps{e)  =  P{)  ■  Pso(e\no  nit.  tone) 

—  1 ) 

+  Pu  P.st, (e|/i  nit.  tones) 

71  =  1 

+Pm  •  P3Ai(e\M  nit.  tones)  •  u(<]  -  A/|3) 

where  Ps(e)  is  the  probability  of  symbol  error.  Pm* 
and  Pn  are  the  probabilities  that  a  hop  is  jammed  by  zero, 
A/,  and  n  interference  tones,  where  1  <  n  <  min(q.  A/ 
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1).  Pso(r),  P.hm(?)  and  /^Tl(e)  arc  the  probablities  of 
symbol  error  corresponding  to  the  specified  number  of 
interference  tones  in  the  hop.  It  should  be  noted  that 
u()  in  the  last  term  on  RHS  is  the  unit  step  function 
included  to  account  for  the  fact  that  the  probability  of 
having  M  interference  tones  in  a  hop  is  equal  to  zero  if  the 
total  number  of  interference  tones  in  the  entire  spectrum 
bandwidth  is  less  than  A/,  i.c.  q  <  M . 

Finally,  for  MFSK  system,  the  probability  of  bit  error 
can  be  calculated  from  the  probability  of  symbol  error  by 

i\(e)  =  <«> 


A  Pwbabilit \  of  Symbol  Error  with  A 7o  Interference  Tone 

If  <i  equal  power  interference  tones  arc  transmitted 
simultaneously  in  NM  possible  frequency  bins,  the  prob¬ 
ability  that  the  tranmitted  signal  band  does  not  eontain  any 
interference  tone  can  be  given  by 

n-W'-fufci)  (5) 

k= 0 

Generally  for  noncoherent  detection  scheme,  the  output 
of  the  envelope  detector  in  the  branch  where  signal  tone, 
or  interference  tone  (or  both)  is  present  will  have  its 
PDF  followed  a  Rician  distribution  while  that  of  the  other 
output  branches  with  AWGN  only,  are  known  to  follow 
just  Rayleigh  distribution,  which  can  be  expressed  by 
replacing  ns  in  (I)  with  zero.  The  probability  of  symbol 
error  conditioned  on  no  interference  and  the  signal  Rieian 
channel  gain  can  thus  be  calculated  using  [9]  [10], 
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where  |  |  represents  an  envelope  and  n(u)  is  AWGN. 

Multiplying  the  Rieian  PDF  in  (I)  to  (6)  and  integrating 
the  resulting  product  with  respect  to  x\,  we  ean  obtain  the 
probability  of  symbol  error  conditioned  on  no  interference 
in  the  form  of  [9], 
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with  the  subsript  7=s,j,  and  a\  and  2rr^, where  Ar=l,2,  arc 
averaged  LOS  and  scattering  powers  of  the  channel  for 
signal  and  interference  tones  respectively 


B  Probability'  of  Symbol  Error  with  n  Interference  Tones 
Given  The  Signal  Branch  Is  Jammed 

With  total  q  interference  tones  simultaneously  transmit 
ted  from  the  jammer,  if  a  hop  is  actually  jammed,  the 
possible  number  of  interference  tones  in  the  hop  ean  range 
from  1  up  to  min(qtM).  For  an  NC-FHTs4FSK  system 
with  NM  possible  frequency  bins,  the  probability  that 
a  hop  will  be  jammed  by  n  interference  tones,  where 
1  <  7i  <  niin(qyM  -  1)  is  given  as 
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Given  that  a  hop  is  interfered  by  n  interference  tones, 
the  probability  of  symbol  error  can  further  be  divided  into 
two  subcases.  First  is  the  case  when  the  signal  tone  is 
jammed  by  one  of  n  interference  tones  in  the  hop  and  the 
probability  that  one  out  of  n  interference  tones  will  jam  the 
signal  tone  is  n/M .  Second  is  when  none  of  n  interference 
tones  is  located  in  the  same  frequency  bin  as  the  signal, 
i.e.  the  signal  tone  is  not  jammed  The  probability  of  the 
second  case  is  1  n/M  —  (M  n)/M.  Hence,  the 
probability  of  symbol  error  given  a  hop  is  interfered  by 
7i  interference  tones  can  be  expressed  as 


ni/.  tones) 

71 
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To  evaluate  the  probability  of  symbol  error  when  the  sig¬ 
nal  braneh  is  jammed,  [15]  has  provided  a  computational- 
efficient  method  based  on  the  use  of  phasor  representations 
and  noneentral  ehi-squarcd  PDF’s.  It  ean  be  shown  for 
any  two  Rieian  random  variables,  say  7?oi  and  /?02,  that 
P(R<n  >  Rm)  =  P(R$,  >  /4).  In  (3)  of  [15],  the 
probability  is  given  as 
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where  and  2 a*  are  the  average  LOS  power  and  the 
average  scatcrring  power  of  the  signal  symbol  These 
parameter  can  be  expressed  in  general  as 

=  ?i*l 

=  p,«1  (8) 


where  hj  =  a//2of,  l  -  01,  02,  arc  Rician  factor  for 
Pqi  and  /?02  respectively,  />=< 7q2  /CTot.  and  Q(x,y)  is  the 
Marcum’s  Q  function.  Without  loss  of  generality  we  ean 
assume  that  the  signal  is  present  in  the  first  output  branch 
of  the  detector,  as  well  as  one  of  the  7 1  interference  tones 
that  jam  the  signal  tone.  And  we  will  assume  also  that 
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the  rest  n- 1  interference  tones  are  in  the  next  consecu¬ 
tive  branches  Therefore,  lat  to  nUl  output  branches  of 
the  envelope  detector  will  have  their  PDF  follow  Rician 
distributions  and  the  output  of  the  rest  M  -  n  branches 
will  follow  just  a  Rayleigh  distribution.  Furthermore,  when 
the  signal  tone  in  the  first  output  branch  is  jammed  by  an 
interference  tone,  the  averaged  LOS  power  in  the  output 
branch  can  be  expressed  as 

+  (}j  +  cos^  (12) 

<p  is  the  random  phase  difference  between  received  signal 
tone  and  interference  tone  and  assummed  to  uniformly 
distributed  between  0  to  2n.  So,  the  probability  of  symbol 
error  given  the  signal  tone  is  jammed  can  be  calculated  by 

Psri(e\signal  is  jammed) 
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The  second  equality  in  ( 1 3)  is  obtained  by  using  the  fact 
that  each  output  of  the  detector  branches  is  independent  of 
each  other.  Now,  we  will  consider  seperately  the  first  prod¬ 
uct  term  on  RHS  of  the  third  equality  in  (13).  For  given 

the  conditional  probability  P(Ro\  >  can  be 

evaluated  easily  by  substituting  the  following  parameters 
into  (II) 
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In  the  same  manner,  if  we  treat  a  Rayleigh  random 
variable  only  as  a  special  case  for  Rician  random  variable, 
w'e  can  also  obtain  the  probability  for  the  second  product 
term  with  a  condition  on  p  as 
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Substituting  (14)  in  (II)  to  obtain  the  conditional 
probability  of  the  first  product  term,  using  (15)  for  the 
conditional  probability  of  the  second  product  term,  and 
integrating  (13)  over  p,  we  then  obtain  the  complete 


expression  for  the  symbol  error  probability  for  the  case. 
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C  Probability >  of  Symbol  Error  with  u  Interference  Tones 
Given  The  Signal  Branch  Is  Not  Jammed 

When  all  n  interference  tones  in  the  hop  are  not  in  signal 
branch,  n  T  1  output  branches  of  the  envelope  detector 
will  follow  Rician  distribution  and  the  rest  M  —  n  —  1 
branches  will  follow  a  Rayleigh  distribution.  Similarly,  we 
will  assume  that  the  signal  tone  is  present  in  the  first  output 
branch  and  each  of  the  n  interference  tones  is  in  the  next 
consecutive  branches.  In  this  ease  the  probability  of  symbol 
error  can  be  expressed  as 

Pan  [c\siynal  is  not  jammed) 

=  1  -  P(/?01  >  p<)2  ^  7?01  >  P<)3  ^  H<)1  >  P()\  •) 

n  4  I  M 

=  l  -  J]  P(/?o,  >  rtoO  11 

k=  2  j—ii+2 

=  1  -  P(Rin  >  Rm)n  P(R0 1  >  Rom)"-"-1  (18) 


Once  again,  the  probability  P(R 0i  >  A02)  for  the 
third  equality  of  (18)  can  be  calculated  by  substituting  the 
following  parameters  into  (11) 


A' 01 
A  02 


b 


Of 


2 


2^;  +  of 

> 

4 

2<7j  +  of 

24  +  4 
24  +  4, 


(19) 


and,  by  the  same  mean,  the  conditional  probability  for  the 
second  product  term  is  found  to  be 


P(Aoi  >  Rom) 


=  1 


2(4  +  4: 


2(4  +  4) 


(20) 


To  obtain  the  complete  expression  for  the  symbol  error 
probability  for  the  ease,  we  then  substitute  (19)  in  (11)  to 
obtain  the  probability  of  the  first  product  term  of  ( 1  8)  and 
use  (20)  for  the  probability  of  the  second  product  term 
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Finally,  the  symbol  error  probability  for  the  case  when 
signal  branch  is  not  jammed  can  be  shown  as  follow,  where 
°r  ]S  g*ven  m  (1 7). 

Ps1l ((  {signal  rs  not  jammed) 


D  Probability  of  Symbol  Error  with  M  Interference  Tones 

Onee  q  >  M,  it  is  possible  that  we  can  have  all 
M  branches  jammed  by  the  interference  tones  and  the 
probability  of  having  M  interference  tones  in  a  hop  can 
be  calculated  easily  by 


A/ 


A/  - 1 

IK 


k= o 


<1  ~ 
NM 


(22) 


With  AI  interference  tones,  every  output  braneh  of  the 
envelope  detector  will  have  their  PDF’s  now  followed  only 
Rician  distributions  with  the  averaged  LOS  power  equal  to 
aj.  An  exception  is  made  only  for  the  braneh  where  signal 
tone  is  also  present,  in  which  the  averaged  LOS  power  is 
equal  to  the  summation  of  o  ^  and  ry^,  as  shown  previously 
in  (12).  Without  loss  of  generality,  we  will  also  assume  in 
here  that  the  first  detector  output  braneh  is  one  where  the 
signal  tone  is  present.  Thus,  the  first  output  branch  will 
have  both  the  signal  and  an  interference  tone  In  this  case, 
the  probability  of  symbol  error  can  be  found  by 


mt.  tones) 

=  1  P(fioi  >  7?02  D  /?01  >  O  Ro\  >  /?04  ■  ■  •) 

M 

=  i  ii  mo,  >  *0 
2 

=  1  -  P{Rm  >  (23) 

The  conditional  probability  P(R oi  >  Rom\v)  of  the 
squared  term  in  the  equation  can  be  computed  by  applying 
same  parameters  in  (14)  to  (11)  and,  in  the  end,  we  can 
obtain  the  probability  of  symbol  error  given  M  interference 
tones  in  the  hop  as 


(H  A4  nit  tones) 


i  r2” 
2w  Jo 


Q 


2  o2  +  ol 

- CXV 


2  (o2-  +  a2) 


h) 


2  nsjOj 

-f  rj? 


M  l 


(24) 


where  o \  can  be  calculated  from  (17)  Finally,  we  can 
combine  together  every  equation  we  have  derived  so  far 
to  eompute  for  the  total  probability  of  symbol  error.  The 
probability  of  symbol  error  given  n  interference  tones  can 
be  obtained  first  by  substituting  (16)  and  (21)  into  (10). 
Then,  using  the  substitution  result  together  with  (9),  (7), 
(5),  (24),  and  (22)  in  (3),  we  will  obtain  the  complete 
analysis  for  the  probability  of  symbol  error  for  FH/MFSK 
system  with  the  independent  multitone  interference  And, 
we  can  easily  convert  it  to  the  probability  of  bit  error  (BFR) 
using  (4). 

ill  Development  of  A  Combined  Interference 
Model  For  Rural  Wireless  Mesh  Network 
Under  Influence  of  A  Co-Existing  DSSS 
Network 

In  this  paper,  we  take  on  an  example  of  the  channel  as¬ 
signment  for  an  NC-FH/MFSK  rural  infrastructure  WMN 
with  eaeh  router  node  being  equipped  with  multiple  radio 
interfaces.  As  previously  suggested,  these  router  nodes 
can  also  be  implemented  cost-effieiently  using  commercial 
IEEE  802.1 1  equipment  whose  cost  is  relatively  low  nowa¬ 
days.  In  spite  of  how  they  are  implemented,  however,  to 
establish  the  network,  we  assume  that  the  router  nodes  are 
uniformly  deployed  over  a  rural  region.  So,  the  distances 
between  nodes  and  their  surrounding  neighbors  are  not 
so  different  and,  because  they  are  rurally  deployed,  each 
node  will  have  only  a  few  neighbors  surrounding  them 
Also,  eaeh  node  are  assumed  to  be  perfectly  aware  of 
its  own  coordinate  position,  which  can  be  retrived  at  any 
time  from  the  memory  inside  the  node.  Furthermore,  it  is 
also  assumed  that  the  transmission  powers  and  the  gam 
of  the  attenna  of  eaeh  router  node  are  known  and  these 
parameters  are  homogeneous  for  every  node.  Each  node 
will  be  comprised  of  at  least  two  different  radio  interfaces, 
one  for  a  eontrol  channel  and  all  the  others  for  information 
channels.  For  an  enhanced  security  during  information 
transmissions,  every  interface  designated  for  information 
are  specifically  ehoosen  to  be  NC-FH/MFSK  radio  system 
while,  for  the  controlling  purpose,  the  interface  can  be 
of  any  radio  systems  other  than  the  NC-FH/MFSK  Only 
important  thing  is  that  the  two  channel  types  must  be 
operating  on  different  frequency  ranges  so  that  they  do 
not  interfere  with  each  other  when  simultaneously  active. 

In  the  entire  communication  bandwidth  I3r,  we  assume 
that  there  are  N  FH  bands  available  and,  to  achieve  the 
greatest  benefit  of  having  multiple  interfaces  on  nodes, 
we  will  divide  the  FH  bands  into  b  interleaving  and  non 
colliding  hopping  patterns  to  enable  concurrent  links  Each 
hopping  pattern  thus  contains  equal  number  of  NJ}  =  N/b 
FH  bands,  eaeh  with  M  possible  signal  frequency  bins.  So, 
there  will  be  the  total  of  NpM  possible  signal  frequencies 
on  any  link  And,  because  these  patterns  are  interleaving 
and  non-eolliding,  a  link  in  one  hopping  pattern  will  not 
interfere  with  that  on  the  others.  Hence,  it  is  possible 
for  the  nodes  with  multiple  NC-FH/MFSK  interfaces  to 
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support  concurrent  information  links  without  having  them 
interfering  with  each  other,  if  the  links  are  performed  using 
different  hopping  patterns. 

It  can  be  observed  that  the  hopping  patterns  here  is,  in 
fact,  very  similar  to  the  radio  channels  in  IEEE  802.11 
a/b/g.  Hence,  the  decision  as  to  which  hopping  pattern 
is  suitable  for  a  specific  link  can  also  be  determined 
by  the  CA  algorithm  similar  to  those  in  [I1]-[I4]  at 
the  setup  phase  of  the  network  Usually,  the  number  of 
available  hopping  patterns  is  relatively  low  when  compared 
to  total  number  of  possible  links  in  the  mesh,  thus  some 
of  the  links  may  need  to  be  assigned  to  the  same  pattern 
and  they  will  interfere  with  each  other  if  being  active 
simultaneously.  It  thus  depends  on  the  CA  algorithm  to 
recursively  search  for  the  most  appropriate  pattern  for 
each  link,  i.e.  the  pattern  that  make  the  link  less  likely  to 
interfere  with  the  others.  An  ideal  algorithm  will  therefore 
require  to  consider  each  link  individually  and  evaluate  the 
level  of  severity  of  the  interference  if  the  link  is  assigned 
with  a  patterm  by  taking  into  account  the  number  of  links 
previously  assigned  that  pattern  and  possibly  interfering 
with  the  current  link.  At  the  end,  it  should  come  across 
with  the  list  of  hopping  patterns  to  be  assigned  to  each 
link  in  order  to  reduce  the  amount  of  interferences  in  the 
entire  mesh,  i.e.  increasing  network  capacity. 

Because  the  main  interest  of  this  section  is  to  propose  an 
alternative  application  for  the  interference  models  we  have 
previously  derived,  much  of  our  attention  is  thus  pointed 
toward  the  development  for  an  appropriate  interference 
model,  which  will  be  served  in  the  CA  algorithm  to  eval¬ 
uate  how  severe  links  are  interfered,  and  not  the  algorithm 
itself.  Therefore,  we  will  assume  that  the  CA  algorithm  is 
already  developed,  such  as  the  one  proposed  in  [II],  and 
we  enhance  it  by  introducing  an  appropriate  interference 
model  for  estimating  the  link’s  BER.  Note  should  be  taken 
also  that  we  have  just  defined  the  BER  as  a  metric  for 
measuring  the  severity  of  the  interferences  in  our  study 

We  can  observe  that  the  transmission  range  is  deter¬ 
mined  mainly  by  the  BER  requirement  system  and  it  will 
be  the  same  for  each  router  node  because  every  node  uses 
NC-FH/MFSK  radio  system  for  information  links  (same 
BER  requirement)  and  the  transmission  power  and  the  at- 
tena  gain  are  assummed  homogeneous  from  node  to  node 
At  this  point,  we  will  assume  that  the  BER  requirement 
has  already  beeen  specified  and  the  transmission  range 
covers  approximately  the  distance  of  one  hop  Besides,  it 
is  also  assumed  that  the  interference  range  is  twice  as  far 
as  the  transmission  range;  it  is,  hence,  equal  to  a  two  hop 
distance. 

Since  each  mesh  router  is  previously  assumed  to  have 
a  control  channel,  it  is  further  assumed  that  the  control 
channels  of  every  router  node  are,  by  default,  set  to  an 
encrypted  common  channel.  So,  after  the  router  nodes  arc 
setup,  they  can  instantly  forward  all  their  information  (node 
IDs.  coordinate  locations,  transmission  powers,  number  of 
interfaces)  to  a  pre-assigned  center  router  node  (PAC),  who 


will  gather  all  the  information  and  construct  a  map  of 
the  network  and  the  Multiradio  Conflict  Graph  (MCG)  as 
defined  in  (for  this  paper,  we  assume  any  two  links  will 
interfere  if  they  are  within  two-hop  interference  range). 
Then,  PAC  will  execute  the  CA  algorithm  to  assign  hop¬ 
ping  patterns  to  links  of  each  routers  starting  from  PAC 
itself  then  moving  outward  to  those  surrouding  PAC  within 
the  first  hop,  the  second  hop,  and  so  on  (among  those 
within  the  same  hop  distance  from  PAC,  the  algorithm  will 
start  at  the  closest  node  to  PAC  first).  Once  the  assignment 
is  ended,  PAC  then  notifies  all  router  nodes  to  set  their 
radios  accordingly. 

After  nodes  receive  the  hopping  patterns  from  the  PAC, 
instead  of  applying  them  directly  as  the  hoppoing  sequence 
for  each  of  the  assigned  link  ,  nodes  will  randomly  shuffle 
the  FH  bands  within  each  hopping  pattern  again  to  acquire 
a  new  hopping  sequence  that  is  distinct  But,  because  one 
link  involves  two  nodes,  obviously  only  one  node  on  the 
link  should  be  performing  the  shuffling  process,  otherw  ise 
the  hopping  sequence  between  two  nodes  will  not  match 
and  the  link  will  never  be  formed  For  our  study,  we 
assume  the  node  with  lower  ID  on  the  link  will  execute 
the  shuffling  process  and  then  inform  the  new  hopping 
sequence  to  other  node  via  the  control  channel.  At  the 
completion  of  the  process,  the  mesh  is  then  formed  and 
nodes  will  communicate  accordingly.  Thus  far,  wc  have 
already  picked  up  some  ideas  about  how  the  network 
operates  and  how  the  CA  algorithm  is  used  to  assigned  the 
hopping  patterns  As  an  illustration  of  how  interferences 
should  be  taken  into  account  in  the  algorithm  ,  let  us 
consider  an  example  scenario  shown  in  Fig  1. 

In  Fig.  I,  six  router  nodes  were  used  to  setup  a  simple 
mesh  network  and  each  node  is  labeled  corresponding  to  its 
name  and  number  of  its  information  interfaces,  for  example 
A-2  means  node  A  is  equipped  with  two  NC-FH/MFSK 
interfaces.  Here,  we  assumed  that  the  total  of  N  FH  bands 
was  divided  into  two  hopping  patterns  and  node  A  was 
chosen  as  the  PAC  node.  After  information  of  nodes  had 
been  forwarded,  node  A  thus  began  to  create  the  map  and 
the  MCG  of  the  mesh.  At  the  time  being,  we  assumed  that 
node  A  has  already  started  running  the  CA  algorithm  and 
some  of  the  links  have  already  been  assigned  with  hopping 
patterns;  A*->B  (the  link  between  node  A  and  node  B)  and 
C^E  are  assigned  to  pattern  I  while  A*->C  and  B«-*D  arc 
allocated  to  pattern  2  The  algorithm  is  now  running  for 
C*-»F  at  node  C. 

First,  let  us  consider  if  C+->F  is  to  be  assigned  with 
pattern  1 .  Because  the  interference  range  was  defined  as  the 
distance  of  two  hop,  every  link  of  the  two-hop  neighbors  of 
node  C  is  thus  considered  a  conflict  link  to  C«-»F;  namely 
A«-*B,  A*->C,  B^D,  and  C<-+E  However,  should  C*~>F  be 
taken  on  pattern  1,  the  transmissions  on  A«-*C  and  B^D 
in  pattern  2  no  longer  interfere  with  it;  hence,  the  BLR 
calculation  should  take  into  account  only  A*->B  and  C— >E, 
which  use  the  same  hopping  pattern  as  C«-»F.  Let’s  now 
assume  information  is  being  transmited  as  signal  tones  on 
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Fig  I  An  Example  of  Interferences  in  WMN. 


NC-FH/MFSK  systems  from  node  F  to  node  C  and  node 
A  to  node  B.  During  the  transmissions  on  the  links,  node 
E  has  also  started  to  transmit  information  to  node  C  using 
another  interface  of  node  C.  Therefore,  as  a  receiver,  node 
C  will  pickup  not  only  the  desired  signal  tones  from  node 
E  and  F  but  also  undesired  interference  tones  from  A.  If 
\vc  consider  node  C  as  a  reference  receiver  (the  algorithm 
is  run  for  node  C)  and  node  F  as  a  reference  transmitter 
(C«-»F  is  being  considered),  every  tone  transmitted  from 
node  F  will  be  regarded  as  the  desired  signal  tones  to 
node  C  while  the  tones  from  node  A  and  node  E  are 
just  the  interference  tones  or  the  jamming  tones  to  the 
signal  from  node  F  to  node  C.  Similarly,  if  C<— >F  is  to 
be  assigned  with  pattern  2,  A*-»C  and  B*-*D  is  thus  its 
conflict  links.  Node  C  is  considered  a  reference  receiver, 
as  well  as  node  F  as  a  reference  transmitter,  and  every 
tones  transmitted  from  node  F  are  desired  signal  tones,  as 
opoose  to  those  from  node  A  and  B,  which  are  regarded  as 
the  jamming  tones.  Because  hopping  patterns  of  each  link 
are  further  shuffled  to  make  hopping  sequences  of  each 
link  distinct  and  independent  from  each  other,  therefore, 
it  appears  that  the  interference  model  for  the  independent 
MTJ  in  Section  II  has  once  again  proven  useful  Recalling 
from  Section  11,  however,  we  can  see  that  the  interference 
model  was  developed,  at  that  time,  mainly  based  on  the 
assumption  that  all  interference  tones  are  received  with 
equal  power  and  no  two  interference  tones  exist  on  the 
same  frequency  bin.  But,  from  the  situation  in  Fig.  1,  it  is 
obvious  that,  when  C«->F  is  to  assigned  with  pattern  2,  the 
interference  tones  from  node  A  and  node  B  will  be  received 
at  different  power  due  to  their  different  distances  from  node 
C.  Besides,  the  interference  tone  from  node  A  and  node  B 
can  also  be  transmitted  on  the  same  frequency  bin  because 
their  hopping  sequences  are  random  and  independent  of 
each  other 

If  we  consider  the  practical  system  configuration,  for 
example,  IEEE  802  I  I  (FH)  equipment  with  26  FH  bands 
per  pattern  and  FH/4FSK  modulation  (or  4-level  Gaussian 
FSK),  then  it  can  be  observed  that  the  total  number  of 
frequency  bins  per  pattcm(;VpA/  =  104)  is  actually  quite 
large;  in  other  word,  there  will  be  a  lot  of  frequency  bins, 
in  which  the  interference  tones  can  be  transmitted.  So,  the 
probability  of  having  interference  tones  being  transmitted 
on  the  same  frequency  bin  will  be  considerably  small 
Reasonably,  we  can  then  assume  that  no  interference  tones 


are  transmitted  in  the  same  frequency  bins.  Thus,  the 
only  restriction  remaining  is  the  requirement  of  having 
interference  tones  with  equal  power,  with  which  we  can 
easily  cope  by  using  an  average  of  the  power  of  every 
interference  tone  received 

As  an  example,  let  us  consider  again  the  case  when  C*-*F 
is  to  assigned  with  hopping  pattern  2  In  this  case,  the  total 
number  of  independent  interference  tones  ((72)  for  pattern 
2  is  equal  two  since  there  are  two  interference  tones  being 
received  at  node  C;  one  from  node  A  and  the  other  from 
node  B.  The  received  powers  of  the  signal  tone  from  node 
F  and  the  intercnferencc  tones  from  node  A  and  node  B 
can  be  found  by  using  the  pathloss  model,  [12], 

Pk,  =  K  ^  (25) 

where  d  is  the  distance  between  transmitter  and  receiver 
node,  f\i  is  the  received  power  of  the  signal  tranmitted 
from  node  k  and  received  at  node  /,  and  Pt  is  the 
transmitted  power  The  constant  K  can  be  determined 
by  the  transmitting  and  receiving  anttenna  gains  and  the 
wavelength  of  the  transmitted  signal.  Since  all  these  para¬ 
meters  are  assumed  to  be  known,  therefore  we  can  easily 
calculate  the  received  power  of  interference  tone  from  node 
A,  (Pac),  and  node  B  ,(Pbc),  using  (25).  Then,  we  can 
find  the  average  received  power  of  the  interference  tones  at 
node  C,  P3c  =  (Pac  -F  Pnc)/^,  and  substitute  nccccssary 
parameters  as  in  Table  1  into  the  complete  BER  expression 
derived  in  Section  11  to  obtain  the  estimate  BER  value. 
Note  that  A'i  and  K 2  in  Table  I  were  set  to  lOOdB,  i.e. 
AWGN  channel,  since  no  fading  channel  was  assummed  in 
this  section.  In  fact,  fading  channels  can  also  be  taken  into 
account  by  changing  the  Rician  factors  correspondingly 

Due  to  the  use  of  average  power  from  various  interfer¬ 
ence  sources,  clearly  the  BER  resulted  from  this  approach 
will  be  less  accurate  compared  to  one  obtained  by  taking 
into  account  each  interference  tone  individually.  Yet,  in 
the  scope  of  this  section,  the  BER  is  only  used  as  a  metric 
to  illustrate  how  the  link  quality  changes  relatively  when 
different  subband  is  allocated.  It  is  not  how  much,  but  how 
does  the  BER  change  that  is  actually  matter  Though  nearly 
of  no  meaning  numerically,  the  the  result  obtained  is  still 
proven  useful  in  comparing  the  performances  of  the  link. 

Nevertheless,  as  an  additional  source  of  error,  the  in¬ 
terference  from  external  network  also  play  an  important 
role  in  defining  the  quality  of  the  link.  To  formulate  the 
complete  analysis  for  a  mesh,  not  only  must  we  consider 
the  interferences  among  router  nodes  (intra-network  inter¬ 
ferences),  but  we  need  to  account  also  for  the  interferences 
from  the  external  networks.  Obviously,  the  amount  and 
form  of  the  external  interferences  are  different  from  site 
to  site,  depending  on  the  types  of  radio  and  the  frequency 
range  often  used  in  that  area.  For  this  paper,  it  is  assummed 
that  a  site  survey  has  been  performed  prior  to  the  mesh 
installation  and,  because  the  prospective  deployment  site 
is  in  rural  area,  only  one  external  network  is  found  to  be 
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TABLE  I 

Input  values  for  calculating  BF,R  of  WMN  in  Fig.  I  (if  F 

IS  TO  BF  ASSIGNF D  WITH  PATTERN  2) 


Variable 

Dcfimlion 

Value 

N 

Total  FH  bands  in  the  pattern 

NP 

r. 

Received  power  of  signal  tone 

Pfc 

r, 

Avg.  received  power  of  int.  tone 

\(Pac  4  Pec) 

Total  ini  tones  in  the  pattern 

«  =  2 

K  i 

Rician  factor  for  signal  fading 

100dB 

k2 

Rician  factor  for  ml  fading 

lOOdB 

j  mtvff'mrK+ 

— □t&.MJL 


Fig.  2.  A  frequency-domain  illustrataiion  of  interference  tones  (mtra- 
nctwork  inlcrfcrcnccs)  and  interference  noise  (external  interference)  of 
the  mesh  network  with  2  hopping  patterns. 


co-existing  on  the  site.  Further,  \vc  assume  the  external 
network  is  a  DSSS  modulated  network  and  it  is  occupying 
the  fixed  portion  of  our  intended  communication  band¬ 
width.  For  example,  if  we  arc  to  use  IEEE  802.1 1(FH) 
equipment  on  our  mesh  router,  this  external  interfering 
network  could  be  an  IEEE  802.11b  wireless  local  area 
network  (WLAN),  which  is  operating  on  a  channel  in 
2.4  GFIz  frequency  range  Depending  on  its  location,  each 
router  node  will  receive  the  interference  signal  from  this 
network  with  different  received  power  but,  because  the  site 
survey  has  already  been  performed,  the  interference  power 
received  at  each  node  is  assumed  to  be  known  to  the  PAC. 

By  the  above  statement  this  external  interference  can 
then  be  modeled  as  an  additive  white  Gaussian  interference 
noise  with  a  power  of  being  received  at  router  node 
k  of  the  mesh  If  Bj  and  Nj  is  defined  as  the  portion 
of  the  bandwidth  and  the  number  of  FH  bands  jammed 
by  the  interference  noise  respectively,  the  jamming  ratio 
can  then  expressed  as  p  =  Bj/Bt  =  Nj/N  The  o?k  for 
node  k  and  Bj  are  known  to  the  PAC  via  the  site  survey. 
When  an  FH  band  is  jammed,  we  will  assume  that  all  of 
its  M  frequency  bins  is  jammed.  Nevertheless,  it  should 
also  be  noted  that,  because  hopping  patterns  are  established 
from  the  interleaving  and  non-colliding  FH  bands  within 
the  entire  bandwidth  Br ,  each  hopping  pattern  then  share 
Nj  jammed  FH  bands  equally,  therefore,  the  jamming  ratio 
px  of  hopping  pattern  i  will  be  the  same  as  the  network 
jamming  ratio  p. 

Should  no  interference  tone  exist,  the  external  interfer¬ 
ence  noise  will  then  be  the  only  souree  of  interference 
in  the  mesh  and  we  can  calculate  the  BER  of  the  link 
easily  However,  if  the  influence  of  the  interference  tones 


is  accounted,  using  the  PBJ  interference  model  alone 
is,  apparently,  inadequate.  It  is  necessary  that  \vc  must 
consider  the  interference  tones  and  the  interference  noise 
all  together  Therefore,  a  new  interference  analysis  needs 
to  be  developed  to  eombine  together  the  errors  eaused  by 
the  interference  tones  and  the  interference  noise. 

For  case  of  representation,  let  us  first  define  A  as  the 
event  that  the  signal  hop  is  jammed  by  the  interference 
noise  and  /V  as  the  complementary  event  or  the  event  that 
the  signal  hop  is  not  jammed  by  the  interference  noise.  We 
ean  calculate  the  probability  of  symbol  error  by 

P,(e)  =  P(A)  •  Ps(e\A)  4  P{A‘)  •  P,(e|A')  (26) 

With  the  total  of  r/,  interference  tones  from  the  conflict 
links  using  the  same  pattern  ?,  the  number  of  interference 
tones  in  a  hop,  n,  ean  be  a  value  within  [0,  mm(qly  A/)] 

For  ease  of  representation,  we  then  define  Bq  as  the 
event  when  the  hop  is  not  jammed  by  interference  tone 
(n  =  0),  Bm  as  the  event  when  the  hop  is  jammed 
by  M  interference  tone  (n  —  A/),  and  Bn  as  the  c\ent 
when  the  hop  is  jammed  by  n  interference  tones  where 
n  €  \\,7nin(qu  M  -  1)]  Now,  if  incorporated  the  effect 
of  the  interference  tones,  (26)  ean  then  be  re-written  as 

Ps(e)  =  P(AnBo)-Pa(e\AnBo) 

+P(AnBo)  Pti(e\  A'nBo) 

L 

+  ^{pyn«!!).p,(eUn«!1) 

n—  1 

4  P(4,nBa)-P,(eU'nBj1)} 

+  {P(AnBM)-P,(e\AniiM) 

+P{A'  n  Bm)  ■  p,(c  I  A'  n  PM)I  «(</.  -  M) 

=  {P(Bs}Pa(c\AnBo) 

L 

4^P(PIi)P5(e|4nPn) 

n  —  1 

+P(Bm)  ■  Pa(e\An  Bm)  ■  u(qi  -  M)}  P(A) 

+  {  P(Bo)  •  P»(c  |  A'  n  Bo) 

L 

+  £p(BIL)-p,(eia'n/y 

n  =  1 

4 P(Bm)  ■  P,(<-  I  K  n  Pm)  •  u(<n  -  A/)}  P(A') 

(27) 

where  u(q,  -  A/)  denotes  the  unit  step  function  and  L 
equals  min(qu  M  -  1).  The  second  equality  is  obtained 
from  the  fact  that  the  interference  tones  and  the  interfer¬ 
ence  noise  are  independent,  so  event  A  is  independent  from 
event  Bq ,  and  By. 

Given  a  jamming  ratio  pt  for  subband  i ,  P(A)  and 
P(A*)  ean  be  ealeulatcd  as  px  and  (1  px)y  respectively. 
Also,  using  (5), (9),  and  (22),  P(Bo)y  P(Bn),  and  P(BM) 
ean  be  ealeulatcd  just  by  substituting  parameters  N  and 
q  with  Np  and  qi.  Now',  The  onl>  terms  to  be  considered 
arc  the  probabilities  of  symbol  error  with  conditions  on 
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difference  events,  which  can  be  evaluated  easily  using  the 
analysis  in  Section  II 

Consider  first  the  event  A  when  there  is  no  interference 
noise  in  the  hop  Without  the  external-network  interfer¬ 
ence  noise,  AWGN  will  be  the  only  noise  corrupting  the 
signal  tone  and  the  total  noise  power  is  thus  equal 
to  just  <72.  Therefore,  P,(e  |  Af  n  Bq ),  Ps(e  \  A'  Pi  Br} ), 
and  Ps(e  \  A*  O  Bm)  can  be  evaluated  using  exactly  the 
same  analysis  in  Section  11  On  the  other  hand,  for  the 
case  of  A  when  the  interference  noise  does  exist,  the 
total  noise  power  in  the  hop  will  be  the  summation  of 
AWGN  power  and  the  interference  noise  power,  i.c.  <7  2  = 
cr2+a2^..  It  should  be  noted,  however,  that,  despite  the  total 
noise  level  in  the  hop,  the  two  eases  are  very  much  alike 
Consequently,  we  can  use  the  same  analysis  in  Section  11 
with  a  simple  change  of  parameter  from  a 2  to  to 
calculate  Ps(t  \  A*  n  B^),  and  Ps(c  \  A*  H  Bm)  Again, 
if  no  fading  channel  is  assumed,  the  Rician  factor  K\ 
for  the  fading  channel  of  the  signal  tone  can  be  set  to 
a  very  large  value,  e  g.  lOOdB  Otherwise,  it  must  be  set 
correspondingly  to  reflect  the  actual  characteristic  of  the 
fading  channel. 

Finally,  the  complete  BER  value  can  be  calculated  just 
by  substituting  all  the  probability  terms  found  into  (27)  and 
using  (4)  to  convert  the  result  Then,  based  on  the  BER 
value,  the  CA  algorithm  will  decide  the  most  appropriate 
patterns  for  links  and  the  mesh  network  with  enhanced 
capacity  will  be  formed  correspondingly. 

IV  Conclusions 

In  this  paper,  we  studied  the  interference  analysis  in  a 
NC-FH  MFSK  rural  infrastructure  WMNs  with  each  router 
node  being  equipped  with  multiple  radio  interfaces.  Our 
choice  of  the  FH/MFSK  modulation  technique  here  is  not 
just  to  satisfy  the  security  requirement  in  military  commu¬ 
nications  but  also  to  provide  easy  implementation  for  each 
router  nodes;  since  FFI/MFSK  modulation  technique  has 
been  specified  in  IEEE  802.1 1  standard,  these  router  nodes 
can  be  implemented  also  using  IEEE  802.1 1  (FH)  equip¬ 
ments.  The  performances  of  noncoherent  slow  frequency¬ 
hopping  system  with  A7-ary  frequency-shift-keyed  mod¬ 
ulation  (NC-FH/MFSK)  with  AWGN  channel  and  Rician 
fading  under  independent  multitonc  jamming  (independent 
MTJ)  were  investigated  in  this  paper  The  expressions  for 
calculating  the  exact  BER  performances  of  the  system 
under  the  effect  of  the  jamming  strategics  are  derived 
We  applied  the  analyses  to  channel  assignment  (CA)  in 
multiradio  rural  WMNs.  We  obtained  a  new  interference 
model  combining  intcrfcnce  tone  and  partial  band  noise, 
which  would  be  incorporated  into  the  CA  algorithm  to 
assign  the  most  appropriate  channel  (or  hopping  pattern, 
in  our  case)  to  links  in  the  mesh.  Because  it  takes  into 
account  both  the  intra-network  and  the  cocxisting-nctwork 
interferences,  the  new  interference  model  thus  reflects  a 
very  realistic  interference  situation  in  WMNs. 


References 

[t]  I  F  Akyildiz,  X  Wang,  W  Wang,  ’’Wireless  mesh  networks:  a 
survey,"  Computer  Networks ,  vol  47,  2005,  pp.  445487. 

(2]  M  Alichcry,  R.  Bhatia,  and  L.  Li,  ”Joinl  Channel  Assignment  and 
Routing  for  throughpul  optimization  in  Multi-Radio  wireless  mesh 
networks,”  ACM  Mobi Com,  2005. 

[3]  S.  Avallonc,  I  F  Akyildiz,  "A  Channel  Assignment  Algonthm  for 
Multi-Radio  Wireless  Mesh  Networks,”  Computer  Communications* 
vol.  31,  no.  7,  May  2008,  pp  1343-1353. 

14]  G.  Brar,  et  al,  ’’Computationally  Efficient  Scheduling  with  the  Phys¬ 
ical  Interference  Model  for  Throughput  Improvement  in  Wireless 
Mesh  Networks,”  ACM  MobtCom,  2006 

1 5]  B.  P  Crow,  1.  Widjaja,  J.  G.  Kim,  and  P  T  Sakai,  ”  IEEE  802.11 
wireless  local  area  networks  ”  IEEE  Comm  Magazine,  vol.  35,  no. 
9,  pp  116-126,  September  1997 

[6]  P.  Kyasanur  and  N.  IL  Vaidya,  Routing  and  Interface  Assignment 
in  Multi-Channel  Multi-Interface  W  ireless  Nctwurks,  IEEE  WCNC , 

2005,  vol.  4,  pp  20512056. 

[7]  A.  Mishra,  V.  Shnvastava,  S.  Bancrjec,  and  W.  Arbaugh,  *’  Partially 
overlapped  channels  not  considered  harmful  ”  ACM  SIC  METRICS 
Performance  Evaluation  Review,  vol.  34.  issue.  I.  pp.  63-74,  June 

2006. 

[8]  A  Raniwala  and  T  Chiuch,  Architecture  and  Algorithms  for  an 
IEEE  802  I  I -Based  Mulli-Channcl  W  ireless  Mesh  Network,  IEEE 
INFOCOM ,  2005,  vol.  3,  pp.  22232234 

[9]  R.  C  Robertson  and  J  F  Shcltry,  "  Multitonc  inierfercnec 
of  frequency-hopped  noncoherent  MFSK  signals  transmitted  over 
Riccan  fading  channels  ,”  IEEE  Trans  Common  ,  vol.  44,  no.  7, 
pp  867-875,  July  1996. 

J 1 0)  J.  G  Proakis,  Digital  Communications,  2nd  ed.  ,  New  York 

McGraw-Hill,  1989. 

[11]  K  N.  Ramachandran,  E.  M.  Bclding,  K  C.  Almcroth,  and  M  M. 
Buddhikol,  ’’  Inlcrfcrcncc-awarc  channel  assignmenl  in  multi-radio 
wireless  mesh  networks  Proc  of  IEEE  INFOCOM  2006,  pp  t  - 1 2. 
April  2006. 

[12]  M  Schwartz,  Mobile  Wireless  Communications  ,  Cambridge 

University  Press,  2005 

[13]  A.  P  Subramanian,  H.  Gupta,  and  S.  R  Das  ‘  Minimum  Interference 
Channel  Assignment  in  Multi-Radio  Wireless  Mesh  Networks,"  IEEE 
SENCON ,  2007. 

114]  A.  P  Subramanian,  H.  Gupta,  S  R.  Das,  and  J  Cao,  ”  Minimum  in¬ 
terference  channel  assignment  in  multiradio  wireless  mesh  networks 
”  IEEE  Trons  Mobile  Computing  ,  vol.  7,  no.  1 1,  November  2008 

]15]  T  T.  Tjhung  and  C.  C.  Chai,  ”  Multitonc  jamming  of  FH/BFSK  in 
Rician  channels  ,’’  IEEE  Trans  Common  ,  vol  47,  no.  7,  pp  974-978, 
July  1999. 

[16]  S  Lin  and  D.  J.  Castcllu,  Error  Control  Coding:  Fundamentals  and 
Applications ,  Prentice  Hall,  Englewood  Cliff's,  NJ,  1983 

[17]  R.  Steele,  and  W.  Webb,  ’’  Variable  rate  QAM  for  data  transmission 
over  Rayleigh  fading  channels  ”  Wireless.  ,  Calgary,  Albcita. 
Canada  IEEE,  1991,  pp.  1-14 

[18]  G.  L  Stubcr  Principles  of  mobile  communication"  Boston 
Kluwcr  Academic  Publishers,  2001 

[19]  K  Xing,  X.  Cheng,  L  Ma,  and  Q  Liang,  ’'Superimposed  code 
based  channel  assignment  in  multi-radiu  inulti-channcl  wireless  mesh 
networks,”  ACM  MobiCom'07,  Scpl  2007,  Montreal,  Canada 

[20]  Z.  Yu,  ”  Multitonc  Jamming  of  FH/BFSK  in  Rician  Channels  ” 
IEEE  Trans  Common.,  vol.  47,  no.  7,  pp  974-978,  July  1999 


9 


Passive  Geolocation  of  RF  Emitters  by  Netcentric  Small  Unmanned 

Aerial  Systems  (SUAS) 


Jing  Liang  and  Qilian  Liang,  Senior  Member,  IEEE 
Department  of  Electrical  Engineering 
University  of  Texas  at  Arlington 
Arlington.  TX  76019-0016  USA 
E-mail:  jliang@wcn.uta.edu,  liang@uta.edu 

Abstract 

Conventional  geolocation  of  RF  emitters  has  adopted  active  triangulation  methodology.  One 
successful  commercial  example  is  satellite-based  global  positioning  system  (GPS)  However  the 
active  localization  in  some  oases  can  be  extremely  vulnerable  especially  for  battlefield.  In  this 
paper,  we  design  a  netcentric  Small  Unmanned  Aerial  System  (SUAS)  for  passive  gcoloeation 
of  RF  emitters.  Each  small  UAV  is  equipped  with  multiple  Electronic  Surveillance  (ES)  sensors 
to  provide  local  mean  distance  estimation  based  on  received  signal  strength  indicator  (RSS1) 
Fusion  center  will  determine  the  location  of  the  target  through  UAV  triangulation  Different 
with  previous  existing  studies,  our  method  is  on  a  basis  of  an  empirical  path  loss  and  log¬ 
normal  shadowing  model,  from  a  wireless  communication  and  signal  processing  vision  to  offer 
nn  effective  solution  The  performance  degradation  between  UAVs  and  fusion  center  is  taken 
into  consideration  other  than  assume  lossless  communication.  We  analyze  the  geolocation  error 
and  the  error  probability  of  distance  based  on  the  proposed  system.  The  result  shows  that  this 
approach  provides  robust  performance  for  high  frequency  RF  emitters. 

Index  Terms  :  UAV.  fading,  gcoloeation.  path-loss,  log-normal  shadowing 
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1  Introduction  and  Motivation 


The  precision  geolocation  of  radio  frequency  (RF)  emitters  lias  been  a  long-standing  subject,  and  is 
now  captured  more  attention  in  both  electronic  warfare  and  civilian  applications,  such  as  targeting 
military  invaders  and  rescuing  airplanes  or  ships  sunk  at  sea.  Among  the  traditional  work  of  target 
detection  and  location,  care  lias  been  taken  on  a  basis  of  bearing-only  measurements  from  the 
aspect  of  geometry  [l.]-[5]  to  determine  the  position,  velocit}  and  direction.  There  is  no  doubt 
that  this  bearing-based  methodology  such  as  Angel  of  Arrival  (AQA)  can  be  adopted  in  RF  emitter 
geolocation,  since  RF  emitter  is  in  essence  a  target.  On  the  other  hand  Rh  emitters  stand  out  from 
conventional  targets  as  they  are  capable  of  sending  out  electromagnetic  signals,  which  suggests  the 
wireless  communication  and  signal  processing  vision  to  offer  the  effective  solution. 

Conventionally,  synthetic  aperture  radar  (SAR),  inverse  synthetic  aperture  radar  (1SAR)  and 
moving  target  indicator  (MTI)  radar  have  been  employed  to  provide  situational  awareness  picture, 
such  as  localization  of  targets.  Due  to  the  principle  that  radars  operate  by  radiating  energy  into 
space  and  detecting  the  echo  signal  reflected  from  the  target  [6),  the  vulnerability  of  active  radars 
are  obvious: 

•  Given  transmitter  and  receiver,  a  radar  systems  is  generally  bulky,  expensive  and  not  easily 
portable 

•  dYansmitter  is  easily  detectable  while  in  operation,  thus  draws  unwanted  attention  of  adver¬ 
sary 

•  Detection  range  is  limited  by  the  power  of  transmitter 

•  The  transmission  energy  highly  reduce  the  life  of  battery  for  MTI  radars 

Therefore,  passive  geolocation  approaches  are  preferred. 

Currently,  there  is  a  developing  trend  to  use  unmanned  aerial  vehicles  (UAVs)  for  geolocation 
of  RF  emitters  owing  to  better  grazing  angles  closer  to  the  target  than  large  dedicated  manned 
surveillance  platforms  (7).  In  addition,  UAVs  are  capable  of  continuous  21-hour  surveillance  cov¬ 
erage  As  a  result,  they  had  been  developed  for  battlefield  reconnaissance  beginning  in  the  1950s, 
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During  the  1980s,  all  the  major  military  powers  and  many  of  the  minor  ones  acquired  a  battlefield 
UAV  capability,  and  they  are  now  an  essential  component  of  any  modern  army.  Till  now,  UAV  is 
not  only  limited  to  an  unpiloted  aircraft,  but  unmanned  aerial  systems  (UAS)  including  ground 
stations  and  other  elements  as  well. 

Small  unmanned  aerial  systems  (SUAS)  are  rapidly  gaining  popularity  due  to  the  miniaturiza¬ 
tion  of  RE  components  and  processors.  In  particular,  given  the  cutting-edge  technology  in  modern 
remote  sensing  (RS),  SUAS  can  be  equipped  with  Electronic  Surveillance  (ES)  sensors  in  place 
of  bulky  active  radars,  which  result  in  smaller,  lighter  and  lower-cost  counterparts.  These  types 
of  SUAS  are  generally  classified  as  having  a  wing-span  of  less  than  1  meters  [8]  and  a  gross  ve 
hide  weight  less  than  15  pounds  [9].  A  number  of  UAV  manufacturers  have  developed  tow  cost 
TDMA  data  links  that  support  the  cooperative  team  work  of  multiple  UAVs,  which  provides  higher 
mobility,  survivability  and  closer  proximity  to  the  targeting  emitters 

In  the  present  work,  [9]  and  [10]  are  based  on  a  team  of  UAVs  working  cooperatively  with 
on  board  camera  systems.  The  location  of  an  object  is  determined  by  the  fusion  of  camera  im 
ages.  However,  the  visual  feature  can  become  vulnerable  in  the  following  cases:  l)when  telemetry 
and  image  streams  are  not  synchronized,  the  target  coordinates  read  by  UAV  can  be  particularly 
misleading;  2)when  weather  is  severe  and  visibility  is  low,  the  image  based  geolocation  may  not 
provide  day-or-night,  all-weather  surveillance;  3)t,arget  is  well  protected  and  hidden,  such  as  deeply 
beneath  the  foliage. 

Besides  visual  feature,  the  time  difference  of  arrival  (TDOA)  technique  has  been  adopted  in  the 
current  work  [11]-[15].  In  these  work,  a  network  of  at  least  three  UAVs  has  been  employed  with 
on-board  ES  sensors,  a  global  positioning  system  (GPS)  receiver  and  a  precision  clock.  When  t  he 
target  is  detected  by  the  sensor,  the  time  of  arrival  would  be  transmitted  to  a  fusion  center,  which 
would  finally  estimate  the  emitter  location  based  on  their  TDOA.  Also,  Kalman  filters  is  used  to 
track  the  object.  However,  TDOA,  like  other  methods  including  Angle  of  Arrival  (AOA),  Frequency 
of  Arrival  (FOA),  Frequency  Difference  of  Arrival  (FDOA)  and  Phase  Difference  of  Arrival  (PDOA) 
etc.,  is  well  known  for  difficult  synchronization  issues,  such  as  fine  synchronization  for  geolocation 
algorithms  and  coarse  synchronization  for  the  coordinating  data  collected  within  the  area  of  interest 
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at  a  common  time. 


In  this  paper,  we  apply  netcentric  SUAS  with  on-board  multiple  ES  sensors  for  RF  emitter 
geolocation.  Different  from  previous  work  described  above,  onr  work  describes  about  a  complete 
system  design  and  analyze  the  performance  in  detail.  Our  method  is  on  a  basis  of  an  empirical 
pass  loss  and  log-normal  shadowing  model,  which  has  been  adopted  for  reliable  high-speed  wireless 
communications  for  moving  users  in  dynamic  environment,  but  has  never  been  used  in  the  SUAS 
before,  to  the  best  of  onr  knowledge.  Also,  the  performance  of  multiple  ES  sensors  will  be  considered 
for  the  system  as  a  whole.  In  addition,  we  will  provide  a  confidence  assessment  through  error 
bounding,  which  has  not  been  seen  in  the  existing  approaches. 

l  he  rest  of  paper  is  organized  as  follows.  Section  2  describes  about  the  system  design  including 
the  emitter  detection,  path  loss  and  log-normal  shadowing  approach  and  netcentric  decision.  Section 
3  presents  simulation  results  and  performance  analysis.  Finally,  section  4  draws  the  conclusion. 

2  System  Design  Based  on  Path  loss  and  Log-normal  shadowing 

2.1  Target  Detection 

Before  UAVs  cooperatively  locating  the  RF  emitter,  it  is  necessary  for  them  to  understand  whether 
targets  are  present  in  the  range  or  not.  Due  to  the  randomness  of  dynamic  environment,  statistical 
model  can  be  used  to  characterize  the  signal  fluctuation.  Herein  threshold  detection  based  on 
Bayesian's  rule  is  adopted. 

1  he  Rayleigh  distribution  has  been  generally  applied  to  describe  the  fluctuations  of  the  ampli¬ 
tude  over  a  short  period  of  time  or  travel  distance  [16].  when  there  is  no  any  RF  emitter,  moving 
UAVs  will  obtain  scattered  noise  that  reach  the  receiver  by  multipath,  which  can  be  denoted  as 

g(u)  =  ui{u)  +  j<jq{u)  (1) 

where  the  envelope  of  received  signal  r  =  y/<7;(i/)  4-  f/g(u)  obeys  a  Rayleigh  distribution.  <ji(v)  and 
<jq ( u )  are  two  independent  quadrature  Gaussian  random  variables  with  zero  mean  and  variance  02. 
The  probability  density  function  (PDF)  of  the  amplitude  is 

r  _  i2 

/(r)  =  —e  ^  .  </>>() 

<t>~ 

■1 


(2) 


When  a  RF  emitter  is  present,  its  dominant  signal  component  will  contribute  to  a  line-of-siglit 
(LOS)  propagation  path,  consequently  the  envelope  in  this  case  follows  Rician  distribution  with 
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where  7q(*)  is  the  zero-order  modified  Bessel  function  and  it  is  monotonically  increasing  for  positive 
argument;  s  is  the  averaged  RF  signal  amplitude. 

Assume  the  presence  of  RF  emitter  is  with  probability  0  <  p  <  1,  then  Bayesian’s  decision  rule 
can  be  designed  as 


2  2 

_  emitter  exists 

&c  7n(^i)  >  1  -p 

< 


r2 


no  emitter 


P 


(4) 


Based  on  4,  the  detection  threshold  turns  out  to  be 


<p ,  \, i  - 


T  =  —1q\ - -)e» 

s  p 


(5) 


Therefore  the  probability  of  detection,  i.e..  the  probability  that  the  RF  emitter  be  detected  at  its 
real  presence  can  be  expressed  as 


Pd  = 


p{r  >T}=j f 


IT 

The  probability  of  false  alarm  can  be  denoted  by 


e  ^0(75)* 


K<t>2) 


(6) 


r  _ 

Pfa  =  p{r>T}^  I  ~2e  20  dr  — 
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(7) 


2.2  Path  Loss  and  Log-normal  shadowing  Approach 


In  our  work,  we  assume  the  SUAS  is  composed  of  R(R  >  3)  small  UAVs.  Each  UAV  is  equipped 
with  TV  (TV  >  I)  ES  sensors,  whose  task  is  to  provide  Received  Signal  Strength  Indicator  (RSS1)  of 
RF  emitters.  A  processor  is  also  on-board  to  compute  the  current  distance  from  the  RF"  emitter  to 
the  sensors  based  on  RSS1.  Notice  that  even  though  the  computation  can  be  achieved  in  a  very  fast 
time  on  a  basis  of  detected  RSS1,  estimated  distance  poses  drifts  from  the  real  distance  due  to  t  he 
relative  motion  between  the  UAV  and  the  RF'  emitter  as  well  as  wind  gusts  during  the  moment  of 
computation.  1  lms  multiple  sensors  are  employed  to  provide  the  receiver  diversity.  Later  we  will 


show  that  multiple  sensors  help  reduce  the  distance  error  and  improve  the  geolocation  performance. 
The  processor  also  applies  Equal  Gain  Combining  (EGC)  to  average  out  local  spatial  variations 
within  a  UAV.  EGC  is  adopted  due  to  its  simplicity  and  fast  computation.  Additionally,  each  UAV 
works  independently  and  knows  its  own  position  either  by  a  GPS  receiver  or  pre-planned  paths. 
Also,  it  is  capable  of  communicating  with  a  fusion  center,  which  makes  a  final  geolocation  decision 
based  on  the  information  given  by  multiple  UAVs. 

Assume  an  emitter  is  sending  out  RF  signal  and  a  UAV  d  distance  away  from  it  detected  the 
signal  at  this  moment.  The  signal  propagating  between  these  two  points  with  no  attenuation  or 
reflection  follows  the  free-space  propagation  law  [171  This  commonly  adopted  path  loss  model  as 
a  function  of  distance  is  expressed  as 


P(d0)  7V 


(8) 


where  do  is  a  close-in  distance  used  as  a  known  received  power  reference  point;  (3  is  the  path-loss 
exponent  depending  on  the  propagation  environment.  7  is  a  unitless  constant  that  depends  on  the 
antenna  characteristics  and  the  average  channel  attenuation,  which  can  be  defined  as 


7 dD  =  20  Ig 
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where  C  is  the  speed  of  light  and  /  denotes  the  frequency.  Tins  definition  is  supported  by  empirical 
data  for  free-space  path  loss  at  a  transmission  distance  of  100m  [18].  Based  on  this  free-space  model, 
the  power  in  dB  form  is  linearly  decreasing  with  the  increase  of  log(d ),  as  illustrated  by  the  straight 
dash  line  in  Fig.  1. 

However,  in  practice,  the  reflecting  surfaces  and  scattering  objects  will  typically  contribute 
to  the  random  variation  of  RF  signal  transmission.  The  most  common  model  for  this  additional 
attenuation  is  log-normal  shadowing,  which  has  been  empirically  confirmed  to  model  accurately 
the  variation  in  received  power  in  both  outdoor  [19]  and  indoor  [20]  environments.  In  this  case,  the 
difference  between  the  value  predicted  by  the  path  loss  model  and  the  actual  power  is  a  log-normal 
random  variable,  i.e.,  normally  distributed  in  dB,  which  is  denoted  by 


P(d),  =  ,  Hd) 
P{d or®  lP(do) 
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(ID) 
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where  -Y  is  a  Gaussian  random  variable,  with  mean  m  and  variance  a2. 

We  will  use  the  combined  path  loss  and  log-normal  shadowing  model  to  estimate  the  distance 
between  RF  emitter  and  a  UAV  through  RSSI.  This  model  is  illustrated  in  Fig.  1  with  a  dotted 
curve.  The  power  in  tlB  is  given  by 

ip^  w  10,57  _  mi9{t? +  x  {n) 

where  Pri  is  the  RSSI  of  ES  sensor  i.  Based  on  (11).  when  Pri  is  detected,  the  processor  can  easily 
compute  in  a  dB  form,  which  is 

1  Pri  X 

(iuW  pildB  +  M(kiB  ~  ^  (12) 

Notice  that  dulli  =  3(7, w  f  /Mww  -  therefore 

<1  nl  11  -  dutu  =  —  (13) 

Then  it  is  obvious  that  the  expectation  of  distance  mean  square  error  based  on  sensor  ?  is 

2  2 

P{(duiB  -  <iuw)2}  ^2  (Id) 

X  sensors  equipped  on  a  UAV  are  applied  to  compute  the  local  mean  distance  that  average  the 
local  spatial  variations.  The  estimated  local  mean  distance  is 

1  - 

D-  0*) 

1=1 

I  his  value  is  obtained  based  on  dB  measurement  due  to  the  smaller  estimation  error  compared  to 
the  linear  form  [21]. 

Notice  that  D  d^j At  the  detection  moment,  UAV  is  d  distance  away  from  the  RF  target, 
i.e.,  dl({B  1  d(JB  Also,  each  sensor  independently  obtains  the  i.e  .  duiB  —(UdB  can  be  considered 
independent  for  different  ?.  thus  the  expectation  of  distance  mean  square  error  for  each  UAV  can 
he  expressed  as 

e{(d  D)2}  -  0«) 

T his  shows  that  based  on  path  loss  and  log-normal  model,  the  larger  number  of  sensor  X.  the 
smaller  distance  mean  square  error  will  be  achieved  for  each  UAV. 


As  each  UAV  geolocates  RF  emitter  only  based  on  RSSI  and  there  is  no  any  information  about 
phase,  in  this  situation  the  current  detected  area  at  the  moment  can  be  denoted  by  a  =  nd2  If  a 
is  denoted  by  dI3  form,  then  A  \{)lgn  +  2 D,  therefore  the  expectation  of  area  mean  square  error 
for  each  UAV  is 

PA  =  E{(A  -  A)2}  =  4 E{(D  -  D)2}  =  (17) 

F  inally  the  upper  bound  of  geolocation  area  mean  square  error  of  a  UAV  network  can  be  denoted 


by 
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p,  n\jAi)<Y.p*  = 
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(18) 


j-i  t=i 

We  show  this  upper  bound  in  Fig.  2,  where  R  —  3 ,rn  =  0,/?  =  2  are  used  for  illustration. 


Apart  from  geolocation  performance,  we  also  define  distance  range  probability  as  the  probability 
that  the  estimated  local  mean  distance  D  falls  within  D\  <  D  <  £>2,  where  D\  <  D2  and  D\.  Di 
are  also  in  dB  form.  The  corresponding  linear  form  of  D,  D\  and  Di  are  <i,  d\  and  respectively. 
In  order  to  simplify  the  expression,  we  would  like  to  denote 


Si  =  -{inn  +  [  ~  0Di  +  *  =  1,2 

CT  I'r 

It's  obvious  that  S2  <  S\  Therefore  the  distance  range  probability  turns  out  to  be 


(19) 


P{D\  <D<  D2) 


Q(S2)-Q(-S,)  =  Q(S2)  +  Q(S,)-1  if  (a)S,  <  0  or  (b)0  <  5,  <  52 

Qi-St)  Q(S2)  =  1  -  Q{S\)  -  Q(S2)  if  (c)0  <  -52  <  Si  or  (d)  S2  >  0 

(20) 


where  the  Q-function  is  defined  as  the  probability  that  a  Gaussian  random  Z  is  greater  than  x: 

Q(x)  =  p(Z  >  x)  =  J  ^  dy  (21) 


The  (a)-(d)  situations  are  illustrated  in  the  F'ig.  3.  It’s  worth  mentioning  that  P(D \  <  D  <  D2)  = 
P(d\  <  d  <  d‘i)-  When  D\  and  D 2  are  set  to  be  values  pretty  close  to  D,  (20)  turns  out  to  be  the 
probability  of  correct  distance  range. 

Based  on  our  previous  analysis,  it’s  obvious  that 

A' 


D=  D  + 


N 13 


(22) 
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When  the  relative  motion  between  UAV  and  the  emitter  is  very  slow,  the  mean  of  ,  i.e., 
I  =  can  be  considered  zero  because  the  mean  may  be  considered  to  describe  the  average 
discrepancies  in  real  and  estimated  distance  between  the  RF  emitter  and  the  UAV  during  the 
moment  of  computation.  Also,  for  simplicity  and  clarity,  we  use  7/  to  denote  the  variance  of 
which  is  .  Therefore,  the  probability  of  estimation  that  RF  emitter  locate  in  the  range  (Dj,  Do] 
by  a  single  UAV  becomes 


Pcs{DuD2) 


[  2  P(Di<D<D2)fN(u)du 
Jih 

fl)  2  „  1 

/  P{Di  <  D  <  D2) 

Jdx 


\f2ni] 


-in  D)2  . 
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P{D\  <  D  <  D2)\Q(— — — )  -  °) 

7]  7 ] 


When  the  relative  motion  between  the  UAV  and  the  RF  emitter  is  obvious,  due  to  the  random 
variation,  even  the  mean  can  be  considered  as  a  variable  which  follows  uniform  distribution  in  the 
range  [L\,  L2](\n  dB  form),  where  L\  <  D\  —  D  and  L2  >  D2  -  D.  In  this  case,  the  probability  of 
RF  emitter  locating  in  the  range  [D\,D2}  by  a  single  UAV  becomes 

l  (*  q-»)2  i 

PcmiDuJh)  =  /  P(Di<D<D2)  -j=-e  .  —dvdu  (21) 

J  D\  JLi  v27T7/  L2  L\ 

L>2~  L>\  Ji 


D 


l2Q(ih  -  l')}dv 


2.3  Netcentric  Decision 


As  soon  as  each  UAV  obtains  its  distance  from  the  RF  emitter,  this  data  will  immediately  be  sent 
to  a  fusion  center  through  TDMA  data  links.  The  fusion  center  can  be  a  ground  station  or  even 
mounted  on  one  of  the  UAVs.  Due  to  the  shadowing  and  inultiparth,  the  signal  sent  by  a  UAV 
will  encounter  fading  before  arriving  at  the  fusion  center.  Assume  the  instantaneous  signal- to- noise 
ratio  (SNR)  is  y ,  the  statistical  averaging  probability  of  error  over  the  fading  distribution  (22]  is 


■  e.m.j 


[  Pm(y)pf(y)dy 
Jo 


(25) 


where  Pm(y)  is  the  probability  of  symbol  error  in  AWGN  based  on  a  certain  modulation  scheme 
and  p/(y)  denotes  the  PDF  of  the  fading  amplitude. 
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Apply  the  moment  generating  function  (MGF)  Mf(s)  —  pj(y)e*vdy  and  alternate  Q- 

tt/2  t2 

function  (*)(x)  =  ^  Jq  e2*^*dp,  we  derive  the  probability  of  symbol  error  for  the  UAV  network 
using  1  most  common  modulation  schemes:  phase* shift  keying  (MP'SK),  pulse  amplitude  modula¬ 
tion  (MPAM).  quadrature  amplitude  modulation  (MQAM)  and  noncoherent  frequent-shit  keying 
(MFSK)  respectively  as  follows: 
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Pe.MFSK  f  £(V)-  1  ,A//(-  -  "  .) 
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(20) 


When  the  channel  is  Rician  fading  with  factor  K,  after  derivation  the  detailed  expression  of 
(26)- (29)  are  as  follows  respectively: 
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(33) 
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To  simplify  the  (30)-(33),  two  extreme  cases  are  taken  into  account.  When  the  Rician  fading 
factor  K  — ♦  0,  it  becomes  Rayleigh  distribution,  therefore  (30)- (33)  can  be  denoted  using  following 
expressions  in  this  case: 
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n  —  1 

When  i\  — ►  oo,  the  Rician  fading  channel  becomes  AWGN  channel.  In  this  situation,  the 
probability  of  symbol  error  based  on  above  modulation  schemes  have  been  well  studied  and  the 
result  is  provided  in  [17],  Table  6.1. 

According  to  these  performance,  the  best  modulation  scheme  can  be  chosen  to  reduce  the 
probability  of  error.  This  will  be  further  illustrated  in  Section  3  by  simulations. 

For  simplicity  and  clarity,  we  assume  the  RF  emitter  is  on  the  ground  surface.  In  the  case  that 
the  re  lative  motion  between  the  RF  emitter  and  UAVs  are  quite  slow,  the  UAV  a  is  able  to  he 
aware  that  the  RF  emitter  is  somewhere  on  a  circle,  of  which  the  center  is  itself  and  the  radius  is 
d„,  as  illustrated  in  Fig.  4(a).  Another  UAV  b  can  also  identify  that  there  is  a  RF  emitter  on  a 
circumference  with  radius  d^.  After  combining  the  information  from  both  a  and  b ,  the  fusion  center 
will  be  aware  that  the  target  either  locates  at  the  position  A  or  B.  With  the  help  of  a  third  UAV 
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c,  the  fusion  center  will  have  the  knowledge  that  the  Rf  emitter  is  at  the  position  A.  Therefore 
with  the  triangulation,  3  UAVs  are  able  to  locate  the  RF  emitter  on  the  ground.  In  the  case  that 
the  target  is  above  the  ground.  1  UAVs  are  necessary  with  one  more  member  providing  altitude 
geolocation  information. 

When  the  relative  movement  between  the  target  and  UAVs  are  obvious,  a  and  b  will  aware  that 
the  RF  emitter  is  moving  within  a  ring  area,  and  the  fusion  system  will  understand  that  the  the 
target  is  within  the  intersection  of  2  rings.  Suppose  the  intersection  area  is  abc  (the  intersection 
can  also  be  2  independent  areas,  here  we  use  one  case  for  illustration  without  loss  of  generality), 
shown  in  Fig.  4(b).  When  the  data  from  c  is  obtained,  its  detected  range  ring  will  intersect  with 
abc  in  a  line  DE.  Therefore,  the  trace  of  the  RF  emitter  DE  will  be  successfully  obtained.  After  a 
few  numbers  of  measurement,  the  motion  speed,  acceleration  of  the  target  can  be  calculated  based 
on  range  and  time  difference. 

Due  to  the  independence  of  the  distance  estimation  bv  each  UAV  and  the  transmission  of  data  to 
the  fusion  center,  the  probability  that  a  single  UAV  accurately  provides  the  geolocation  information 
to  the  fusion  center  is  Pcs(Di,D2)  *  (1  Pe.MPSK.f)  or  PCm(d\,d2)  •  (1  Pc  mpsk  f)  for  different 
relative  motion  situations,  where  D\.D‘2  and  are  close  to  D  and  d  respectively  Therefore, 

the  probability  of  error  for  the  netcentric  SUAS  made  up  of  3  UAVs  can  be  denoted  as 

Pcs  <  1  \Pcs(E\  P>2)  0  Pe-MPSK.f ))'*  (38) 

P<m  <  1  “  [Pan(d\-d-2)  *  (1  ~  Pe  MPSK.j)V  (39) 

The  above  expressions  are  error  upper  bound,  this  is  because  the  netcentric  decision  provides 
much  more  resilience  than  a  single  UAV.  For  example,  in  Fig.  4(a)  assume  UAV  a  and  b  accurately 

geolocate  the  target  while  c  has  a  large  location  error  and  believes  the  target  is  far  away  from  the 

pint  A  and  B,  the  whole  system  may  still  provide  accurate  estimation  if  c  determines  that  the 
target  is  closer  to  A  compared  with  B.  Demanding  every  UAV  to  provide  accurate  information  to 
fusion  center  is  a  stringent  rule,  therefore  (38)  and  (39)  are  upper  bounds. 
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3  Simulation  Results  and  Performance  Analysis 


Simulations  on  a  basis  of  mathematical  expressions  in  Section  2  are  presented  in  this  Section  for 
better  analysis  and  illustration  about  SUAS  performance.  In  the  simulation,  we  assume  A  100m, 
do  —  0.1  cf  and  0  =  2. 

Fig.  5  describes  about  error  probability  of  distance  range  vs.  frequency  for  a  single  UAV,  where 
d\  0.99 d  and  di  =  1  Old  have  been  used.  The  curves  show  that  given  the  same  a  (see  (10)),  the 
error  probability  of  distance  range  will  be  reduced  as  the  frequency  increases.  However,  when  the 
frequency  is  higher  than  a  certain  threshold  value,  such  as  108  for  a  =  10,  t lie  error  probability 
becomes  a  constant.  This  phenomenon  is  the  result  of  nonlinearity  of  the  Q  function.  Therefore, 
this  UAV  system  is  more  appropriate  for  geolocate  an  emitter  with  higher  frequency. 

Fig.  G  shows  the  contribution  of  another  important  factor  power- rate- to- noise  ratio  (PRNR)  to 
the  correct  probability  of  distance  range  for  a  single  UAV.  We  define  PRNR  as  It  is  easy  to 

observe  that  similar  to  Fig.  5,  there  is  also  a  threshold  value  in  correct  probability  of  distance  range. 
Flic  larger  the  i]  (see  (22)),  the  smaller  the  threshold  value  as  well  as  the  probability  correctness. 

Fig.  7-10  illustrate  upper  bound  error  probability  for  rietcentric  UAVs  based  on  (38)  and  (39). 
P  ig.  7  and  8  are  in  the  environment  of  AWGN  while  Fig.  9  and  10  arc  for  Rayleigh  fading.  In  the 
case  that  relative  motion  between  the  RF  emitter  and  UAVs  are  slow,  d\  =  0.99d,  d 2  =  1 .01  rf  and 
7 7  1;  when  the  relative  motion  is  obvious  we  apply  l\  =  -O.ld.  I2  =  O.lrf  aud  7/  1,  therefore 

Pcs ( /}  1 ,  D'2 )  0.9876  and  Pcm(D\ .  D2)  =  0.94.  In  Figs  7  and  9.  modulation  schemes  MFSK, 

MPAM,  MPSK  and  MQAM  with  Al  —  4  are  applied  for  illustration.  This  does  not  mean  M  2 
can  not  be  used.  Actually,  the  smaller  A/,  the  smaller  probability  of  symbol  error  rate  for  the 
same  modulation  scheme.  That  partially  contributes  to  the  smaller  probability  of  error  in  Fig.  8. 
Moreover,  the  resilience  of  netcentric  design  makes  the  probability  of  error  using  BFSK  and  BPSK 
much  smaller  compared  to  that  of  4-FSK  and  QPSK.  This  is  the  same  situation  while  comparing 
Fig.  10  with  9. 

These  figures  show  that  no  matter  the  wireless  radio  channel  between  UAVS  and  fusion  center 
is  AWGN  or  Rayleigh,  MQAM  will  provide  the  smallest  probability  of  error  at  low  SNR  while 
MPSK  will  provide  the  smallest  probability  of  error  at  moderate  to  high  SNR.  Therefore  MQAM 
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and  MPSK  can  be  applied  for  adaptive  modulation  for  data  fusion  depending  on  how  large  is  the 
SNR  at  the  receiver  of  fusion  center, 

4  Conclusions 

In  this  work,  we  propose  a  passive  geolocation  approach  to  locate  RF  emitter  using  a  netcentric  small 
UAV  systems  (SUAS)  equipped  with  ES  sensors.  This  approach  is  based  on  log-normal  shadowing 
model,  which  has  been  empirically  confirmed  to  model  accurately  the  variation  in  received  power  in 
propagation  environments.  We  show  that  the  geolocation  error  is  essentially  a  log-normal  random 
variable.  The  larger  number  of  ES  sensors,  the  smaller  geolocation  area  upper  bound  error.  We 
also  analyze  the  error  probability  of  distance  range  for  the  system.  We  demonstrate  that  when  the 
emitter  frequency  is  higher  than  a  certain  threshold  value,  the  error  probability  becomes  a  constant. 
The  situation  is  similar  for  power- rate- to- noise  ratio  (PRNR).  Regardless  what  the  wireless  radio 
channel  between  UAVS  and  fusion  center  is  for  example  AWGN,  Rayleigh  or  Rician,  at  low  SNR 
MQAM  modulation  is  applied  while  MPSK  will  be  chosen  at  moderate  to  high  SNR  due  to  the 
smallest  performance  error  of  the  whole  system. 
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Figure  1  Path  loss,  shadowing  vs.  distance. 


Figure  2:  Upper  bound  of  geolocation  area  mean  square  error  for  a  UAV  network. 
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Figure  3:  Distance  range  probability  illustration  based  on  Q  function:  (a)Si  <  0  (b)0  <  S\  <  -S2 
(c)0  <  S2  <  5,  (d)  S2  >  0. 


f  igure  1  RF  emitter  Geolocation  by  SUAS  (a)  Relative  movement  between  RF  emitter  and  UAVs 
are  slow  (b)  Relative  movement  between  RF  emitter  and  mini  UAVs  are  obvious. 
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Figure  5:  Error  probability  of  distance  range  vs.  frequency  for  a  single  UAV. 


Figure  6:  Correct  probability  of  distance  range  vs.  power- rate- to- noise  ratio  (PRNR)  for  a  single 
UAV. 
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Figure  7  Upper  error  hound  of  the  netcentric  UAVs  in  AWGN  when  relative  movement  between 
t ho  RF  emitter  and  UAVs  are  slow. 


SNR(dB) 

Figure  8:  Upper  error  bound  of  the  netcentric  UAVs  in  AWGN  when  relative  movement  between 
the  RF  emitter  and  UAVs  are  obvious. 
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SNR(dB) 

Figure  9:  Upper  error  bound  of  the  netcentric  UAVs  in  Rayleigh  fading  when  relative  movement 
between  the  RF  emitter  and  UAVs  are  slow. 


Figure  10:  Upper  error  bound  of  the  netcentric  UAVs  in  Rayleigh  fading  when  relative  movement 
between  the  RF  emitter  and  UAVs  are  obvious. 
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Abstract 

Inspired  by  recent  advances  in  MIMO  radar  we  introduce  orthogonal  pulse  compression 
code's  to  MIMO  radar  system  in  order  to  gain  better  target  direction  finding  performance.  We 
propose  the  concept  and  the  design  methodology  for  the  optimized  triphase  phase  coded  wave¬ 
forms  that  is  the  optimized  punctured  Zero  correlation  Zone  (ZCZ)  sequence-Pair  Set  (ZCZPS). 
The  method  is  to  use  the  optimized  punctured  sequence- pair  along  with  Hadamard  matrix  in 
the  ZCZ,  According  to  codes  property  analysis,  our  proposed  phase  coded  waveforms  could 
provide  optimized  autocorrelation  and  cross  correlation  properties  in  ZCZ.  Then  we  present  a 
generalized  MIMO  radar  system  model  using  our  proposed  codes  and  simulate  the  target  diret 
tion  finding  performance  in  the  system  The  simulation  results  show  that  diversity  gain  could 
be  obtained  using  our  orthogonal  pulse  compression  codes  for  MIMO  radar  system.  The  more 
antennas  used,  the  better  target  direction  finding  performance  provided. 

Index  Terms  :  MIMO  radar,  orthogonal,  optimized  punctured  ZCZ  sequence-pair  phase  coded 
waveform 
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1  Introduction 


The  previous  work  [1]  (2]  [3]  showed  that  processing  data  from  a  radar  network  with  spatially 
distributed  nodes  could  offer  significant  performance  improvement,  as  a  result,  there  has  been 
considerable  interest  in  MIMO  radars  which  employ  multiple  antennas  both  at  the  transmitter  and 
at  the  receiver.  The  present  important  research  of  MIMO  radar  includes  all  kinds  of  technique's,  such 
as  waveform  design  (4]  (5]  (6).  ambiguity  function  [8],  patternform  syntheses  [9](10],  detection  and 
localization  performace  analysis  [4]- ( 10] .  space-time  adaptive  signal  processing,  direction  finding, 
etc.  In  [5] .  the  authors  design  covariance  matrix  of  the  probing  signal  vector  transmitted  by  the 
radar  to  achieve  the  desirable  fectures  of  a  MIMO  radar  system.  The  desirable  fectures  could  be  to 
choose  freely  the  probing  signals  transmitted  via  its  antennas  to  maximize  the  power  around  the 
locations  of  the  targets  of  interest,  more  generally  to  approximate  a  given  transmit  beampattern. 
and  also  to  minimize  the  cross-correlation  of  the  signals  reflected  back  to  the  radar  by  the  targets  of 
interest.  In  (6],  they  also  propose  a  cyclic  optimization  algorithm  for  the  synthesis  of  a  given  optimal 
covariance  matrix  R  under  various  practical  constraints  to  construct  signals  which  also  have  good 
auto  and  cross-  correlation  properties  in  time.  In  addition,  based  on  investigating  target  detection 
arid  parameter  estimation  techniques  for  a  multiple-input  multiple-output  (MIMO)  radar  system, 
the  authors  (11]  propose  an  alternative  estimation  procedure,  referred  to  as  the  combined  Capon 
and  approximate  maximum  likelihood  (CAML)  method  which  can  provide  excellent  estimation 
accuracy  of  both  target  locations  and  target  amplitudes.  In  [12],  the  authors  provide  a  review  of 
some  recent  work  on  computing  the  Crainer-Rao  lower  bound  (CRLB)  on  the  achievable  localization 
accuracy  by  using  the  geometric  dilution  of  precision  (GDOP)  as  a  tool  for  assessing  and  illustrating 
the  localization  accuracy  of  the  Best  Linear  Unbiased  Estimator  (BLUE). 

Apart  from  the  work  mentioned  above,  direction  finding  (13]  [14]  is  such  a  technology  that  a  well 
known  waveform  is  transmitted  by  an  omnidirectional  antenna,  and  a  target  reflects  some  of  the 
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transmitted  energy  toward  an  array  of  sensors  that  is  used  to  estimate  some  unknown  parameters, 
e  g.  bearing,  range,  or  speed.  Also,  bearnforming  [15]  is  another  important  process  generally  used 
in  direction  finding  process  that  an  array  of  receivers  can  steer  a  beam  toward  any  direction  in 
space.  The  advantages  of  using  an  array  of  closely  spaced  sensors  at  the  receiver  are  the  lack  of 
any  mechanical  elements  in  the  system,  the  ability  to  use  advanced  signal  processing  techniques 
for  improving  performance,  and  the  ability  to  steer  multiple  beams  at  once.  In  this  paper,  we  will 
focus  on  the  direction  finding  performance  of  the  MIMO  radar  system 

M1MO  radars,  unlike  phased  array  radars,  transmit,  different  waveforms  on  the  different  anten¬ 
nas  of  the  transmitter,  which  makes  it  necessary  to  do  the  waveform  design  for  the  system.  Some 
researchers  have  already  done  some  work  on  the  MIMO  radar  using  orthogonal  waveforms  (16], 
partial  correlation  waveforms  (10]  or  the  more  general  non-orthogonal  set  of  waveforms  (17](18][19). 
Nevertheless,  in  this  paper,  we  design  a  set  of  new  triphase  orthogonal  waveforms  for  the  MIMO 
radar  system  using  the  pulse  compression  technology.  To  the  best  of  our  knowledge,  it  is  the  first 
time  to  introduce  pulse  compression  codes  to  MIMO  radar  system  to  improve  the  direction  finding 
performance.  Pulse  compression,  known  as  a  technique  to  raise  the  signal  to  maximum  sidelobe 
(signal-to-sidelobe)  ratio  to  improve  the  target  detection  and  range  resolution  abilities  of  the  radar 
system,  allows  a  radar  to  simultaneously  achieve  the  energy  of  a  long  pulse  and  the  resolution  of  a 
short  pulse  without  the  high  peak  power  (28].  A  generalized  MIMO  radar  signal  model  using  our 
triphase  orthogonal  pulse  compression  codes  is  analyzed  and  the  simulation  results  show  t  hat  bet  ter 
performance  could  be  obtained  by  combining  MIMO  radar  and  pulse  compression  codes  together. 

The  rest,  of  the  paper  is  organized  as  follows.  Section  2  introduces  the  definition  and  properties 
of  ZCZPS  a.s  well  as  a  set  of  specific  ZCZPS  which  is  the  optimized  punctured  ZCZPS.  A  method 
using  optimized  punctured  sequence- pair  and  Hadamard  matrix  to  construct  ZCZPS  is  also  given 
and  proved.  Section  3  presents  and  analyzes  a  generalized  MIMO  radar  system  for  our  proposed 
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codes.  In  section  4,  some  simulation  results  are  provided  by  using  specific  examples  with  different 
number  of  uniform  linear  antennas  at  the  transmitter  and  receiver  of  M1M0  radar  system  In 
Section  6.  conclusions  are  drawn  on  our  newly  provided  orthogonal  pulse  compression  codes  and 
MIMO  radar  system. 


2  Orthogonal  Pulse  Compression  Codes 

A  set  of  orthogonal  pulse  compression  codes  could  be  used  in  the  MIMO  radar  system  to  gain 
the  diversity  and  improve  the  direction  finding  performance.  In  this  section,  we  will  propose  and 
analyze  the  concept  and  design  methodology  for  a  new  triphase  coded  waveforms  which  could  be 
applied  to  MIMO  radar  system. 


2.1  The  Definition  and  Properties  of  ZCZ  sequence-Pair  Set 

Here,  we  introduce  sequence-pair  into  the  ZCZ  concept  to  construct  ZCZPS.  We  consider  ZCZPS 
(X  Y),  X  to  be  a  set  of  A  sequences  of  length  N  and  Y  to  be  a  set  of  K  sequences  of  the  same 
length  iV: 


(p) 

€  X 

p  =  0, 1,2,.. 

..}<  -  1 

(1) 

(?) 

€  Y 

q  =  0. 1,2, .. 

....  K  -  1 

(2) 

The  autocorrelation  function  for  sequence-pair  (x7\yp)  is  defined  by: 

N- 1 

RxWyM{r)  =  Y,  xiW»(?ir)m«IN’0  ^  ^<N-  l  (3) 

1=0 

The  cross  correlation  function  for  sequence-pair  (x/;.y^)  and  (x9.y q),p  ^  q  is  defined  by 

N-  1 

Cx<!>)y<9>(T)  =  Y  *!N?+T)m^0  <T<N~}  (4) 


i=Q 
N- 1 


CV„y(,,)(T)  =  Y  0  <T  <  N  I 


t=0 


(5) 


2.2  Definition  and  Design  for  Optimized  Punctured  ZCZ  Sequence-Pair  Set 

Matsufuji  and  Torii  have  provided  some  methods  of  constructing  ZCZ  sequences  in  [23]  [24].  In  this 
section,  a  novel  triphase  coded  waveform,  namely  the  optimized  punctured  ZCZ  sequence- pair  set. 
is  constructed  through  applying  the  optimized  punctured  sequence-pair  [25]  to  the  zero  correlation 
zone.  In  some  other  words,  optimized  punctured  ZCZPS  is  a  specific  kind  of  ZCZPS. 

Definition  2-2  [25]  Sequence  u  —  (uo,u\, ....  u jv  i)  is  the  punctured  sequence  for  v  —  (i?0,  i;1# .... 


0.  if  Uj  is  punctured 


(8) 


if  \ij  is  Non-punctured 


Where  p  is  the  number  of  punctured  bits  in  sequence  v  suppose  Vj  £  (—  1, 1).  Uj  E  ( — 1,0.  l).  u  is 
/^punctured  binary  sequence,  (u  v)  is  called  a  punctured  binary  sequence-pair. 

Definition  2-3  [25]  The  autocorrelation  of  punctured  sequence-pair  (u,  v)  is  defined 


ftu v(t)  =  M.U(,  +  T)modN-.Q  <  T  <  N  1 


(9) 


If  the  punctured  sequence-pair  has  the  following  autocorrelation  property: 


(10) 


0.  otherwise 


the  punctured  sequence-pair  is  called  optimized  punctured  sequence- pail  [25].  Where.  E  = 


uiv(t+T)mo€iN  —  N  ~  p,  is  the  energy  of  punctured  sequence-pair. 

If  (rjpl  )  in  Definition  2-1  is  constructed  by  optimized-  punctured  sequence-pair  and  a  certain 


matrix,  such  as  Hadamard  matrix  or  an  orthogonal  matrix,  where 


.r^  <  (-  1.1).  i  =  0,1,2 . N  -  1 

y(q)  <z  (-  1.0. 1).  i  =  0, 1.2 . A'  -  1 


/V  1  yV-  1 


{i  +  t)iiich{N 
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A N,  for  r  —  0.  p  =  q 


=  <  (1 


0. 


for  t  —  0,  p  /  q 
for  0  <  |r|  <  Zq 


(H) 


where  0  <  A  <  1,  then  (x\v\  y\p^)  can  be  called  optimized  punctured  ZCZ  sequence-pair  set  Based 
on  odd  length  optimized  punctured  binary  sequence  pairs  and  a  Hadamard  matrix,  an  optimized 
punctured  ZCZPS  can  be  constructed  on  following  steps: 

Step  1  Considering  an  odd  length  optimized  punctured  binary  sequence-pair  (u.  v).  the  length 
of  eat  h  sequence  is  N i 


u  =  Uq.  u\,  ....u/Vj-Mi,  6  (-1.1), 

V  -  vq,Vi,  -\,vt  €  (-1,0, 1), 

i  =  0, 1, 2. ....  N\  1 ,  N\  odd 


Step  2  A  Hadamard  matrix  B  of  order  jY2  is  considered.  The  length  of  the  sequence  of  the 
matrix  is  N2  which  is  equal  to  the  number  of  the  sequences.  Here,  any  Hadamard  matrix  order  is 
possible  and  b?  is  the  row  vector. 

B  =  [b°;  b1; 

r 

N2,  if  i  =  j 

=  < 

(  0.  if  i  /  j 

Step  3  Perform  bit-multiplication  on  the  optimized  punctured  binary  sequence-pair  and  each 
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line  of  Walsh  sequences  set  B  (Hadamard  matrix),  then  sequence-pair  set  (X,  V)  is  obtained, 

b'  =  (blb\,...,b'N2_l).i  =  0,l,....N2  -  1, 

x)  =  WjmorfA?,fcjnwrfAr2,0  <  i  <  Ar2  -  1,0  <  j  <  N  -  1, 

X  =  (x°.x1,...,xA'2  ')• 

y'j  =  VjmodN,  VjmodNi ,  0  <  l  <  JV2  -  1, 0  <  j  <  N  1 . 

Y  =  (y°,y1,...,yjV2-1) 

Since  most  of  optimized  punctured  binary  sequence-pairs  are  of  odd  lengths  and  the  lengths  of 
Walsh  sequence  are  2 n,n  —  1  2,...,  most  of  GCD(N\,  N2)  =  1  common  divisor  of  Aq  and  No  is 
1.  N  =  Ari  *  N2.  If  G,CJ9(Ni.  N2)  7^  1 .  N  should  be  the  least  common  multiple  lcm(N\,  N2).  The 
construction  method  for  the  case  of  GCD(N}y  N2)  ^  1  should  be  similar  to  GCD{N].  N2)  =  1.  so 
we  would  only  consider  the  case  of  GCD(N\f  N2)  =  1  in  this  paper.  The  sequence-pair  set  (X.  Y) 
is  optimized  punctured  ZCZPS  and  N\  1  is  the  zero  correlation  zone  Zo.  The  length  of  each 
sequence  in  optimized  punctured  ZCZPS  is  N  =  N\  *  N2  that  depends  on  the  product  of  length 
of  optimized  punctured  sequence-pair  and  the  length  of  Walsh  sequence  in  Hadamard  matrix  The 
number  of  sequence-pair  in  optimized  punctured  ZCZPS  rests  on  the  order  of  the  Hadamard  matrix 
The  sequence  x7  in  sequence  set  X  and  the  corresponding  sequence  yl  in  sequence  set  Y  construct 
a  sequence-pair  (xby*)  that  can  be  used  as  a  pulse  compression  code. 

The  correlation  property  of  the  sequence-pair  in  optimized  punctured  ZCZPS  is: 

^x’y;(T)  =  #xJy’(T)  =  Ruv{TmodNi)Rhihj  (rmodN2) 

=  /?Uv(rmodNi)/Jbjbl  (rmo(iN2) 

EN2,  if  t  =  0,i  =  j 
0,  if  0  <  \t\  <  N\  -  1 .  ?  =  j 
0  if  i  j 
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< 


(12) 


where  N)  1  is  the  zero  correlation  zone  Zq. 


Proof: 

1)  When  i  —  j, 

r  =  0, 

/lllv(0)  =  EtRwx>j(0)  =  N2, 

RxiyiiO)  =  RuV(0)R#v[Q)  =  EN2; 

0  <  |r|  <  N\  1 

fiuv(r)  =  0, 

Rx'yj(r)  -  ^uvfTmodATj )/t>b,v>, (rmo(lN2)  =  0; 

2)  When  i  /  j. 


r  =  0, 

^b1  b;  (®)  “  0. 

«x-yi(0)  =  Rxiy.(0) 


—  Ruv{TinodN\)Rpfrj(TmodN2)  —  0; 


0  <  1 7 1  <  N}  -  1, 


Ruv(r)  =  0. 

—  ^x-Jy1  (^) 


=  /2Uv(™u#/JVi  )Rbibj  (TmodN2)  =  0. 


According  to  Definition  2-L  the  sequence-pair  set  constructed  by  the  above  method  is  ZCZPS. 
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2.3  Properties  of  Optimized  Punctured  ZCZ  Sequence-pair  Set 


Considering  the  optimized  punctured  ZCZPS  that  is  constructed  by  the  method  mentioned  in  the 
last  part,  the  autocorrelation  and  cross  correlation  properties  can  be  simulated  and  analyzed  with 
MATLAB  For  example,  the  optimized  punctured  ZCZPS  (X  Y)  is  constructed  by  5-bit  length 

optimized  punctured  binary  sequence-pair  (u,v),u  —  [F  H - 1 — ],v  —  [F  F  000]  (using  and 

'  '  symbols  for  fY  and  —  1')  and  Hadamard  matrix  H  of  order  4.  We  follow  the  three  steps 
presented  in  Section  B  to  construct  the  20-bit  length  optimized  punctured  ZCZPS.  The  number 
of  sequence- pairs  here  is  4.  and  the  length  of  each  sequence  is  5  *  4  =  20.  The  first  row  of  each 
matrix  X  =  [xi ;  X2;  X3;  X4]  and  Y  —  |yi ;  Y3*  y^l  constitute  a  certain  optimized  punctured  ZCZP 

(xi.yj.  Similarly,  the  second  row  of  each  matrix  Ar  and  Y  constitute  another  optimized  punctured 
ZCZ  sequence-pair  (X2.y2)  and  so  011 


X 


Y 


F  H - 1 - l-H - 1 - h  F  F  -  F  F  -  F  - 

F - +  +  +  +  + - F  F  FF 

F  F  4 - +  -  F  f - F  F  — I —  F 

F-FF - FF-F - FFFF-- 

J 


F  4  000  F  F000  F  F000  F  F000 
F  -  000  -  F000  F  -000  -  4  000 
4  F  000  F  -000  -  -000  -  F0O0 
F  -  000  -  -000  -  F000  F  F000 


The  autocorrelation  property  and  cross  correlation  property  of  20-bit  length  optimized  punc¬ 
tured  ZCZ  sequence  pair  set  (X  Y)  are  shown  in  Figs  1  and  2 

From  the  Figs.  1  and  2.  the  sidelobe  of  autocorrelation  of  ZCZPS  can  be  as  low  as  0  when  the 
time  delay  is  kept  within  Zq  —  N\  =  5  (zero  correlation  zone)  and  the  cross  correlation  value  is 
kept  as  low  as  0  during  the  whole  time  domain. 
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Figure  1  Periodic  autocorrelation  property  of  optimized  punctured  ZCZPS 
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Figure  2  Periodic  cross  correlation  property  of  optimized  punctured  ZCZPS 
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It  is  known  that  a  suitable  criterion  for  evaluating  code  of  length  N  is  the  ratio  of  the  peak 
signal  divided  by  the  peak  signal  sidelobe  (PSR)  of  their  autocorrelation  function,  which  can  be 
bounded  by  (27] 

\PSRUb  <  WlogN  =  1  PSRmax](W  (13) 

The  only  uniform  phase  codes  that  can  reach  the  PSRmax  are  the  Barker  codes  whose  length  is 
equal  or  less  than  13.  The  sidelobe  of  the  new  code  shown  in  Fig.  1  can  be  as  low  as  0,  so  the  peak 
signal  divided  by  the  peak  signal  sidelobe  can  be  as  high  as  infinite.  Besides,  the  length  of  the  new 
code  is  various  and  much  longer  than  the  length  of  the  Barker  code. 


3  M1MO  Radar  Signal  Model 

There  has  been  considerable  interest  in  the  use  of  multiple  transmit  and  receive  antennas  to  offer 
significant  performance  improvement  in  wireless  communication.  In  particular,  MIMO  radar  uses 
diversity  techniques  to  improve  the  capacity  and  performance  of  the  radar  systems.  In  addition, 
pulse  compression,  which  allows  a  radar  to  simultaneously  achieve  the  energy  of  a  long  pulse  and 
the  resolution  of  a  short  pulse  without  the  high  peak  power  required  by  a  high  energy  short  duration 
pulse  [28],  is  generally  used  in  modern  radar  systems.  In  this  section,  we  describe  a  signal  model 
for  the  MIMO  radar  system  using  orthogonal  pulse  compression  codes.  Assume  a  radar  system 
that  utilizes  an  array  with  M  antennas  at  the  transmitter,  and  M  antennas  at  the  receiver.  For 
simplicity,  we  assume  that  the  target  scatters  are  laid  out  as  a  linear  array,  and  the  arrays  at  the 
transmitter  and  receiver  are  parallel.  A  transmitting  linear  array  made  up  of  M  elements  equally 
spaced  a  distance  d  apart.  The  elements  are  assumed  to  be  isotropic  radiators  in  that  they  have 
uniform  response  for  signals  from  all  directions.  The  first  antenna  will  be  taken  as  the  reference 
with  zero  phase.  The  signal  radiated  by  the  m-th  transmit  antenna  impinges  at  angle  0.  From 
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simple  geometry,  the  difference  in  path  length  between  adjacent  elements  for  signals  transmitting 
at  an  angle  0  with  respect  to  the  normal  to  the  antenna,  is  dsinO.  This  gives  a  phase  difference 
between  adjacent  elements  of  c t>  =  2ir(d/ \)smO.  where  A  is  wavelength  of  the  received  signal  And 
the  phase  difference  for  m-th  transmit  antenna  is  0m  =  -  \)d/ \)sin9.  For  convenience,  we 

take  the  amplitude  of  the  received  signal  at  each  element  to  be  unity.  A  pulse  compression  code 
Cm  =  Cm(t  -  pTc)  is  applied  to  m-th  transmit  antenna,  and  the  signal  vector  induced  by  the 

m-th  transmit  antenna  is  given  by 

C,n  =  €  I-  1,0,1];  (14) 

9m  =  e  1  <  m  <  M ; 

The  signal  vectors  are  organized  in  the  M  x  P  transmit  matrix  G  —  \g\g2 9m]!  The  transmitted 
waveforms  are  listed  along  the  diagonal  of  the  matrix  S  =  diag(s\^ 5^).  The  transmitted 
waveforms  could  be  normalized  such  that  |s,|  =  1/M.  The  normalizing  method  ensures  that 
transmitted  power  is  not  dependent  of  the  number  of  antennas.  Suppose,  all  antennas  transmit  the 
same  waveform,  S  =  sIa/,  where  the  subscript  denotes  the  order  of  the  unity  matrix. 

Similar  to  the  transmitter,  the  model  for  the  array  at  the  reeeiver  could  be  developed,  resulting 
in  an  M  x  P  channel  matrix  K  Similarly,  the  first  antenna  on  the  receive  part  will  be  taken  as  the 
reference  with  zero  phase.  The  signal  radiated  by  the  n-th  receive  antenna  impinges  at  angle  0(). 
The  phase  difference  for  n-th  transmit  antenna  is  y:n  =  27r((n-  \)dr/ \)sin6o.  For  phase- modulated 
pulse  compression  waveforms,  the  corresponding  pulse  compression  codes  Cfm  —  Cm(£  prc) 

have  to  be  applied  to  each  receive  antenna  to  implement  the  matched  filter.  The  signal  vector 
arrived  at  the  n-th  receive  antenna  could  be  given  by 
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1 


cn  =  ic;<°)c^>c;<2>...c;<p-i)]!c;,^  e  i-i,o,i];  os) 

kn  =  e-^l C’Mc'Wc'W...C'Jp-  ')]; 


K  =  |  k1k2...kM]T 


Having  tin*  transmit  and  receive  matrix  together,  the  MIMO  radar  channel  model  is  given  by  M  x  M 
matrix 

H  =  K|GnE]  (16) 


*1 

^11 

^12 

^  1  A/ 

^2 

10102  ■ 

•  -0A/1 

^21 

^22 

*  ^2A/ 

^A  / 

^A/l 

Aa/2  - 

•  Aa/A/ 

■v>i) 

2-»p=o 

q{p)^,{p) 

c<p) 

c;(p) 

rj(0i  - 

^2)  1 

Z^p-o 

£»(p)^V(p) 

ri(^2- 

-w)  £5? 

c<p) 

c;(p) 

cj(  Oi 

-*>*«)  vp_I  r(?,)r',(p) 

l^p=  0  °1  L  A/ 

ei(02- 

■V“)ES 

1  /^»(p)W(p) 

)  °2  °A/ 

1 

A 12 

Aia  / 

^21 

A  22 

^2A/ 

rj{0M  1)  1  rf(P)r»(P) 


”>  EL‘o  cj*)c'lrt 


(17) 


Z^p=0  c  A/  °A/ 


^A/I  Aa/2  AM*/ 

Where  E  is  the  channel  mat  rix 

It  is  easy  to  see  that  if  we  select  orthogonal  pulse  compression  codes  for  transmit  and  receive 
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antennas,  so  it  is  satisfied  that 


p~ 1  |  Es  m  =  n 

p~°  I  0  771  7^  71 


(18) 


The  H  matrix  turns  to  be 


H 


€j{<t>l-V\ )£s  ej(<t>2-V l)£^  >  ^(^AZ-^l) 

^(^1-^2)^  eM 2-^2)^  ej{<t>M-  'P2)  ft* 

cj{<t>'2  ~Vm)  g'. 

An  Aj2  ••  A1A/ 

A2j  A22  •  •  •  A2a/ 


A  A/ 1  Aa/2  --  A  A// 


A/ 


Alie*<*> A  j  2e^  ^ )  i?s 
A2 1  )  Es  \22CJ  ^ ]  Eg 


Aia  jc^-^Eg 

A2a je^-^Eg 


Xmi&1*m-'Pm)Es  \M2Ci{*A1~'PM)Es  . .  AMMe^M_*M>E5 
As  a  result,  the  signal  vector  received  by  the  MIMO  radar  is  given  by 


r  =  HS  -4  71.  (19) 

where  the  additive  white  Gaussian  noise  vector  n  consists  of  i.i.d.  zero-mean  complex  normal 
distributed  random  variables  with  variance  1  /SNR.  The  transmitted  waveforms  are  normalized 
such  that  | .s | 2  =  1/A/.  The  normalizing  factor  ensures  that  the  transmitted  power  is  independent 
of  tin1  number  of  transmit  antennas.  In  this  case  that  all  antennas  transmit  the  same  waveform, 
S  =  s/a/ 
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If  receiver  antenna  uses  a  beamformer  to  steer  towards  direction  0n,  ipn  —  2n((n  -  \  )dr/ \)stnO{). 


and  c\(0q)  = 
beamformer  is 


c  *^i ,  c  -^2 . e 


and  ,3(0q)  =  |o(0n);  q(0o);  . . . ; n(0o) 


.  The  output  of  the 


y  =  r0*(0„)  =  HS/n0o)  +  n 

Ess  Xu  ...  Aja  fe^^]~^]^Ess 

A21  e^-^Ess  \22ej{<t>7~*7)Es$  . . .  A2a/cj(02  '^a)£> 

i  e^i  ...  e 

t  t  / 

pJV7!  f>J  +  2 

T  71 


C^l 

c*^2  ...  e  *^a/ 

yA/ 

Z^7  1 

A  ll-e>(*1-*,+*i>£,a 

y.M 

Z^t=  i 

Aue><*> 

yA/ 

A  2 1  J  (02  -  + ^  ‘ )  £7S  .s 

Z-t=] 

A2;e-'<*2 

VA/ 
Z^i  i 

^A/ 

Z-i=] 

.  Efil  Ess 

•  E,=i  A 2iei(*a-*»+*A»)£'jJ, 

■  E"i  A*«e»(*«“^'+^)£ 


+  77 


Processing  the  output  of  y,  we  obtain  the  diagonal  of  the  output  matrix  y  that  y'  =  diap(y)  and 
change  it  into  a  M  x  1  vector  y".  The  output  of  the  beamformer  at  the  receiver  antenna  is 


E^i  Aii^^'^s 

E,AIi  A i2eM-^)Ess 


(21) 


(20) 
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Where  Es  >>  o2{n').  In  MIMO  radar  for  direction  finding  (0?")  purpose,  the  transmit  antennas 
are  sufficiently  separated,  so  the  phase  shifts  at  the  transmitter  are  set  to  zero.  It  is  easy  to  see  that 


when  0  =  0.  =  27r(d/A).sm0  =  0  and  gm  —  [C^C^Cm^..Cr,f  J)]7 .  If  the  beamforiner  can 

well  estimate  the  direction  at  the  receiver  antenna,  in  some  other  words.  0O  =  Qq  and  <pn  =  ^p'n. 


,(0)^(l)^(2) 


We  can  get  the  result  at  the  MIMO  receiver  antennas  that 


'7* 


(22) 


We  apply  MSE  to  receiver  antennas  to  estimate  direction  finding  error.  Similar  to  RAKE 
receiver,  we  can  choose  the  path  which  has  the  best  performance  before  estimate  the  phase  shift 
error  for  of  the  target  direction  which  could  be  called  Selective  Combining. 

4  Simulations  and  Analysis 

In  this  section,  some  results  are  provided  using  MATLAB  simulations.  Performance  is  parameter¬ 
ized  by  the  number  of  transmitting  antennas  M .  Since  a  pair  of  Optimized  punctured  ZCZP  has 
been  applied  as  the  orthogonal  pulse  compression  codes  for  transmit  and  receive  antennas  corre¬ 
spondingly,  the  number  of  receiving  antennas  has  to  be  the  same  as  the  number  of  transmitting 
ones,  which  means  N  =  M  I  he  transmit  antennas  are  spaced  sufficiently  to  achieve  diversity. 
The  target  fluctuating  model  in  which  the  channel  fluctuated  according  to  a  Rayleigh  distribution 
is  also  considered  in  the  simulation.  Estimation  MSE  (mean  square  error)  is  used  as  the  common 
figure  of  merit  for  comparing  the  performance  of  different  systems  of  different  number  of  transmit 
antennas  in  the  simulation  system. 

We  choose  the  path  which  provides  the  best  performance  before  estimate  MSE  called  Selective 
Combining  method.  The  MIMO  radar  systems  of  4  and  8  transmit  antennas  are  analyzed  and 
compared  in  Fig.  3. 
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Figure  3:  MSE  of  beamforming  at  the  receiver  (select  the  best  path  before  estimate) 

h>om  the  Fig.  3.  it  is  easy  to  see  that  the  8-antenna  system  could  always  achieve  about  2 dD 
SNR  gain  comparing  to  the  4-antenna  system  if  we  select  the  path  which  has  best  performance 
for  estimation.  The  MSE  approaches  zero,  when  the  SNR  value  is  larger  than  12 dB  for  8-ant enna 
system  and  17 dB  for  4- antenna  system.  According  to  the  above  results,  a  general  conclusion  could 
be  drawn  that  the  more  antennas  MIMO  radar  system  utilized  the  better  performance  could  be 
obtained  because  of  the  diversity  gain. 


5  Conclusions 

In  this  paper,  we  introduced  the  orthogonal  pulse  compression  codes  to  the  MIMO  radar  system 
which  has  the  same  number  of  transmit  and  receive  antennas  to  improve  the  radar  direction  finding 
performance.  We  provided  a  set  of  new  optimized  triphase  pulse  compression  codes,  gave  a  specific 
example  and  analyzed  the  codes’  properties.  We  presented  and  analyzed  a  generalized  MIMO  radar 
system  model  for  our  provided  framework,  in  which  Beamforming  and  estimate  MSE  are  also  list'd  to 
find  the  direction  of  the  target  at  receive  part.  Simulation  results  showed  that  significant  diversity 


j 
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gain  could  be  obtained  in  MIMO  radar  system  using  orthogonal  pulse  compression  codes.  The 


MIMO  radar  system  using  more  antennas  outperformes  the  one  having  less  antennas.  The  paper 
is  only  to  introduce  the  basic  concept  of  our  newly  provided  MIMO  radar  system  with  orthogonal 
pulse  compression  codes  to  find  the  direction  of  fixed  targets.  In  the  subsequent  work,  we  may 
consider  the  Doppler  shift  effect  lor  moving  targets  and  some  complicate  radar  channel  models  for 
the  new  approach 
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Abstract 


This  paper  presents  new  developed  triphase  code  punctured  binary  sequence- pair.  The 
definitions  and  the  autocorrelation  properties  of  the  proposed  code  are  given.  Doppler  shift 
performance  is  also  investigated.  The  significant  advantages  of  punctured  binary  sequence- 
pair  over  conventional  pulse  compression  codes,  such  as  the  widely  used  Barker  codes,  are  zero 
autocorrelation  sidelobes  and  the  longer  length  of  the  code  which  can  be  as  long  as  31  so  far. 
Applying  the  codes  in  the  radar  target  detection  system  simulation,  punctured  binary  sequence- 
pair  also  outperforms  other  conventional  pulse  compression  codes.  Therefore,  our  proposed  code 
can  be  used  as  good  candidates  for  pulse  compression  code. 

Index  Terms  :  triphase,  phase  coded  waveform  radar  system 

1  Introduction 

Pulse  compression,  which  allows  a  radar  to  simultaneously  achieve  the  energy  of  a  long  pulse  and 
t  he  resolution  of  a  short  pulse  without  the  high  peak  power  required  by  a  high  energy  short  duration 
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pulse  [1],  is  generally  used  in  modern  radar  system  The  main  purpose  of  this  technique  is  to  raise 
the  signal  to  maximum  sidelobe  (signal-to-sidelobe)  ratio  to  improve  the  target  detection  and  range 
resolution  abilities  of  the  radar  system.  The  range  sidelobes  are  harmful  because  they  can  mask 
main  peaks  caused  by  small  targets  situated  near  large  targets.  The  lower  the  sidelobes.  relative 
to  the  mainlobe  peak,  the  better  the  main  peak  can  be  distinguished. 

In  the  industrial  world,  pulse  compression  is  one  of  the  significant  factors  to  determine  the 
performance  of  high  detection  and  high  resolution  radar.  For  example,  a  satellite- borne  rain  radar 
demands  very  stringent  requirements  on  range  sidelobe  level  of  -60dB  [2],  a  downward  looking  rain 
measuring  radar  requires  a  range  sidelobe  of  55dB  under  the  mainlobe  level  [3]  [4]  and  the  air 
traffic  control  system  demands  the  sidelobe  level  lower  -55dB  (5). 

There  are  two  kinds  of  basic  waveform  designs  suitable  for  pulse  compression:  frequency-codes, 
such  as  linear  frequency  modulation  (LFM)  codes  [6]  [7]  and  nonlinear  frequency  modulation 
codes(NLFM)  [7]  [8]  [9];  phase-coded  waveforms,  such  as  binary  phase  codes  and  polyphase  codes. 
For  a  phase-coded  waveform,  a  long  pulse  of  duration  Tis  divided  into  N  subpulses  each  of  width  Ts. 
Each  subpulse  has  a  particular  phase,  which  is  selected  in  accordance  with  a  given  code  sequence. 
And  the  pulse  compression  ratio  equals  to  the  number  of  subpulses  N  =  T/Ts  ^  BT„  where  the 
bandwidth  is  ~  1/TS. 

A  common  form  of  phase  coding  is  binary  phase  coding  in  which  the  phase  of  each  subpulse 
is  selected  to  be  either  0  or  7r  radians.  Since  the  binary  phase  codes  are  easy  to  generate,  they 
are  widely  used  in  modern  radar  system.  However,  when  the  selection  of  the  phase  is  made  ran¬ 
domly.  the  expected  maximum  sidelobe  is  only  about  2/ A  of  the  peak  of  the  compressed  pulse.  So 
completely  random  selection  of  the  phase,  is  not  a  good  idea,  and  the  criterion  for  selecting  the 
subpulse  phases  is  that  all  the  time-sidelobe  of  the  compressed  pulse  should  be  equal  and  as  low 
as  possible.  One  family  of  binary  phase  code  widely  used  nowadays  that  can  produce  compressed 
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waveforms  with  constant  sidelobe  levels  equal  to  unity  is  the  Barker  code.  It  has  special  features 
with  which  its  sidelobe  structure  contains  the  minimum  energy  which  is  theoretically  possible  for 
binary  codes,  and  the  energy  is  uniformly  distributed  among  the  sidelobes  (the  sidelobe  level  of  the 
Barker  codes  is  \/N2  that  of  the  peak  signal)  10].  Unfortunately,  the  length  TV  of  known  binary 
and  complex  Barker  codes  is  limited  to  13  and  25,  respectively  [ll1  which  may  not  be  sufficient 
for  the  desired  radar  applications.  In  [12]  [13]  [14]  polyphase  codes,  with  better  Doppler  tolerance 
and  lower  range  sidelobes  such  as  the  Frank  and  PI  codes,  the  Butler-matrix  derived  P2  code  and 
the  linear-frequency  derived  P3  and  P4  codes  were  intensively  analyzed  However,  the  low  range 
sidelobe  of  the  polyphase  codes  can  not  reach  the  level  zero  either,  what  is  more,  the  structure 
of  polyphase  codes  is  more  complicated  and  is  not  easy  to  generate  comparing  with  binary  codes. 
Therefore,  we  propose  and  analyze  a  new  kind  of  triphase  code  punctured  binary  sequence-pair, 
whose  sidelobe  level  is  as  low  as  zero  and  the  longest  length  of  which  is  31  in  this  paper,  and 
subsequently  apply  it  to  radar  system  According  to  the  simulation  results,  the  new  code  can  be  a 
good  alternative  for  the  current  used  pulse  compression  codes  in  radar  system. 

The  rest  of  the  paper  is  organized  as  following.  Section  2  introduces  the  basic  concept  and 
properties  of  our  proposed  code.  In  Section  3,  an  example  of  punctured  binary  sequence-pair  is 
given  and  its  properties  are  investigated.  In  Section  4,  the  performance  of  our  proposed  code  is 
also  simulated  and  analyzed  in  radar  targets  detection  system.  In  Section  5.  some  conclusions  are 
drawn  about,  the  punctured  binary  sequence-pair. 

2  Design  of  Punctured  Binary  Sequence-pair 

First  of  all  there  art1  some  relating  definitions  listed  here. 

Definition  1  A  sequence-pair  (x,  y)  is  made  up  of  two  AMength  sequences  x  —  (.Tq,  .Ti  ,  •  •  ■  ,  xjv-\) 
and  y  =  .  J/N- ])• 
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(1) 


Nxy{x)  ^  ^  XjV(j  -f  r)mod. 
;=0 


ArrO<T<JV-l 


is  called  the  periodic  autocorrelation  function  of  the  sequence  pair,  while  x  =  y.  the  sequence- 
pair  (x,y)  turns  to  be  a  one-sequence  code. 

Definition  2  (15]  Sequence  y  —  (yo^S/ir  *  *  ,2 IN-  i)  is  the  punctured  sequence  for  x  =  (xq,  x\  ,*•  •  ,  i), 


0  j  €p-punctured  bits 


(2) 


j  e  Non- punctured  bits 


Where  p  is  the  number  of  punctured  bits  in  sequence  x,  suppose  x  =  [  1,1],  y  is  /^punctured 


binary  sequence,  y  —  (-1,0,1],  (x,  y)  is  called  a  punctured  binary  sequence-pair.  It  is  easy  to 
see  that  there  are  only  three  possible  choices  for  the  phase  state,  typically  -7r,0  and  7r  for  the 
puncturede  binary  sequence-pair  The  punctured  binary  sequence-pair  can  be  referred  as  a  new 
kind  of  triphase  code. 

Definition  3  The  periodic  autocorrelation  of  punctured  sequence-pair  (z,y)  is  defined 


Rxy(*  )  -  ^  Xjy{j+T)modN-Q  -  7  -  ^  1 


When  punctured  sequence- pair  has  the  following  autocorrelation  property 


E  t  0  mod  N 


(3) 


0  otherwise 


it  is  called  optimized  punctured  sequence-pair  (15].  Here.  E  =  ]TV_  Q]  x1yl  —  N  —  p,  is  the  energy 


of  punctured  sequence- pair.  Then  binary  sequence-pair  (x,y)  is  called  a  p-pnnctured  sequence-pair 
I  he  energy  efficiency  of  the  sequence-pair  is  defined  as 
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(4) 


E  N-p 
11  =  N  =  ~N 

Definition  4  The  balance  of  the  sequence  x  is  defined  as  7=  xj  =  nv  ~  7,n-  wbi!e  Up.n,, 

are  the  number  of '  4-  1'  and  '  -  1'  in  x  separately. 

Theorem  1  Mapping  property,  if  X](i)  =  £(-*), 2/i(i)  =  r/(— i). then  sequence-pair  {x\,y\)  is 
optimized  punctured  binary  sequence- pair. 

Theorem  2  Opposite  to  element  symbol  property,  ifxi(i)  =  -  x(z),yi(?)  —  —y(i). then  sequcnee- 
pair  (x\,y\)  is  optimized  punctured  binary  sequence-pair. 

Theorem  3  Cyclic  shift  property,  if  x\ (i)  =  —  x{i  -f  u),yi(z)  =  —  y(i  -f  ?i),then  sequence- pair 
(x\,y\)  is  optimized  punctured  binary  sequence-pair. 

Theorem  4  Periodically  sampling  property,  if  x\(i)  —  - x(ki).y\(i )  =  —y(ki),  k  and  N  are 
relatively  prime,  then  sequence-pair  (x\,y\)  is  optimized  punctured  binary  sequence-pair 

In  [15].  the  optimized  punctured  binary  sequence-pairs  of  length  from  3  to  31  are  presented  in 
the  Table  1 . 

3  Properties 

3.1  Autocorrelation  Properties 

The  autocorrelation  function  is  one  of  the  most  important  properties  that  represents  the  compressed 
pulse  in  an  ideal  pulse  compression  system,  because  it  is  proportional  to  the  matched  filter  response 
in  the  noise-free  condition.  As  presented  in  the  equation  (4)  in  the  last  section,  the  periodic 
autocorrelation  function  of  the  punctured  binary  sequence-pair  is 
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E  r  =  0  mod  N 


N- 1 

P.ry{T)  ~  Xjy{j+T)n\odN  ~~ 
jr=0 


0  otherwise 


EXAMPLE  1 


The  autocorrelation  property  of  13-length  punctured  binary  sequence  pair (x,  y),  (x  =  (+  +  + 

+  H - h  H — )  and  y  =  (+0  +  0  +  +0000  +  +0)).  and  that  of  31-length  punctured  binary 

sequence-pair (x,  y),  (x  —  (+  +  +  H —  H —  +  — f  +  -f - — f  +  +  +  +  +  f  ) 

and  j/  =  (+  +  +  +  000  +  0  +  0  +  +  +  0000  +  00  +  00  +  +  +  0  +  +0))  (' +' f or' V amt  for '  -  T)aie 

shown  in  the  Figs.l  and  2. 

It  is  known  that  a  suitable  criterion  for  evaluating  code  of  length  N  is  the  peak  signal  to  peak 
signal  sidelobe  ratio  (PSR)  of  their  aperiodic  autocorrelation  function,  which  can  be  bounded  by 
[1G] 

\PSR)dB  <  20 logN  -  | PSR,1MX)dB  (5) 


The  only  uniform  phase  codes  that  can  reach  the  PSRrnax  are  the  Barker  codes  whose  length  is 
equal  or  less  than  13  However,  the  sidelobe  of  the  new  code  in  both  Figs.l  and  2  can  be  as  low 
as  0  In  some  other  words,  the  peak  signal  to  peak  signal  sidelobe  can  be  as  large  as  infinite.  In 
addition,  it  is  also  obvious  that  the  length  of  the  new  code  can  expend  to  31  that  is  much  longer 
t  han  the  length  of  the  Barker  code. 


3.2  Ambiguity  Function 

When  the  transmitted  impulse  is  reflected  by  a  moving  target,  the  reflected  echo  signal  includes  a 
linear  phase  shift  which  corresponds  to  a  Doppler  shift  f(j  [17].  As  a  result  of  the  Doppler  shift  f(j. 
the  main  peak  of  the  autocorrelation  function  is  reduced: 
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*T 

,  ,  L  x(s)x*  (s)ds 

\d](in  =  1  Of  off  T  JQ-  ■  ■  ■  — 

/0  x(s)eJ27r^Trx* (s)ds 


(6) 


In  addition,  the  SNR  degraded  and  the  sidelobe  structure  is  changed  because  of  the  Doppler  shift. 

The  ambiguity  function  which  is  usually  used  to  analyze  the  radar  performance  of  Doppler  shift 
and  time  delay  can  be  found  in  [17] 


y{t.  Fp)  =  j  .r(.s)rj27tFDS:r*(.s  -  l)d$  -  A(i,  Fp) 


(7) 


where  /  is  the  time  delay  and  Fp  is  the  Doppler  shift. 

An  equivalent  definition  can  be  given  in  terms  of  the  signal  spectrum  by  applying  basic  Fourier 
transform  properties 


A(t 


.  Fp)=  r  X'(F)X{F  -  FD)c>2nFtdF 

J  -  oo 


(8) 


The  ambiguity  function  is  defined  as  the  magnitude  of  A(1.Fp)  [17] 


A(t.FD)  =  \A(t.Fn)  | 


(9) 


However,  we  focus  on  the  sequence-pair  in  this  paper,  so  the  transmitting  code  and  the  receiving 
code  are  not  the  same  The  ambiguity  function  can  be  obtained  as  following: 


ypair{t>  f4 


/oo 

x(s)e^2irt’r>sy*($  -  i)ds 

-oo 


/oo 

X'(F)Y(F-  FDy2”H 

-  oc 


dF 


(10) 


(ID 


The  ambiguity  function  is  defined  as  the  magnitude  of  Ap,nr(t .  Fp) 


Apatr(t,I'p)  —  Impair  (1 .  bp  ) 


(12) 
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Since  the  periodic  correlation  is  used  instead  of  aperiodic  correlation  in  this  paper.  The 


AjMir(t,  Fd)  in  one  period  of  length  NTS  can  be  expressed  as 


Apair(t,  Fd)  =  I  f  X (s)y'(s  +  (NTS  -  t)) 
J  0 

...  ,  f(N-i)T, 

e02n/-D*)^s  _)_  J  x(s)y‘(s-t) 

e{}2”Fns\is\ 


(13) 


EXAMPLE  2 

Ambiguity  functions  of  the  punctured  binary  sequence-pair  within  length  of  13  and  31  used  in  the 
last  section  are  simulated,  where  maximal  time  delay  is  1  unit  (normalized  to  length  of  the  code,  in 
units  of  NTS)  and  maximal  Doppler  shift  is  5  units  (normalized  to  the  inverse  of  the  length  of  the 
code,  in  units  of  1  /NTS).  The  ambiguity  functions  of  13-length  long  Barker  code  and  31- length  long 
P4  code  are  presented  in  Figs. 2  and  3  in  order  to  compare  with  the  punctured  binary  sequence- pairs 
of  the  same  length. 

Figs. 2  and  3  show  that  the  sidelobe  improvement  of  the  punctured  binary  sequence-pair  is 
obvious  comparing  with  those  of  Barker  code  and  P4  code  when  there  is  no  Doppler  shift.  The 
sidelobe  of  punctured  binary  sequence-pair  can  reach  as  low  as  zero.  Nevertheless,  when  there  are 
Doppler  shift  and  time  delay,  the  ambiguity  functions  of  punctured  binary  sequence-pair  is  not  as 
flat  as  those  of  Barker  code  or  P4  code.  In  some  other  words,  punctured  binary  sequence-pair  is. 
to  some  extent  ,  less  tolerant  of  Doppler  shifts  than  P4  code.  One  of  the  reasons  why  the  proposed 
code  is  not  tolerant  of  large  Doppler  shift  is  that  periodic  correlation  property  is  used  for  punctured 
binary  sequence-pair  instead  of  the  aperiodic  correlation  property  which  is  used  for  the  other  two 
codes.  However,  comparing  with  P4  code,  punctured  binary  sequence-pair  made  up  of  only  three 
different  phases,  is  more  simple  and  easy  to  obtain  in  the  industrial  world. 
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3.3  Doppler  Shift  Performance  without  Time  Delay 


Tlu*  ambiguity  function  can  be  simplified  when  there  is  no  time  delay: 

rNT , 

Apatr(0FD)  =  \  x(s)y’(s)e^F^ds\  (14) 

Jo 

However,  in  Figs.  2  and  3.  it  is  not  obvious  to  see  the  Doppler  shift  performance  of  punctured 
binary  sequence-pair  and  the  other  two  codes  when  there  is  no  time  delay.  The  Doppler  shift 
performance  without  time  delay  is  presented  in  Figs. 4  and  5. 

Without  time  delay,  while  the  Doppler  shift  is  less  than  1  unit  (normalized  to  length  of  the 
code,  in  units  of  NTS ),  punctured  binary  sequence-pair  has  the  similar  performance  of  Barker  and 
P4  code  that  the  amplitude  lias  a  sharp  downward  trend.  Furthermore,  amplitude  of  punctured 
binary  sequence-pair  decreases  more  quickly  than  amplitude  of  the  other  two  codes.  However, 
when  the  Doppler  shift  is  larger  than  1  unit  (normalized  to  length  of  the  code,  in  units  of  NTS), 
the  performances  of  these  codes  are  distinguished.  On  one  hand,  the  trend  presented  by  punctured 
binary  sequence-pair  is  not  as  regular  as  the  other  two  kinds  of  code  when  the  Doppler  shift  is 
larger  than  1.  On  the  other  hand,  for  Barker  and  P4  code,  when  Doppler  frequencies  equal  to 
multiples  of  the  pulse  repetition  frequency  (PRF  —  1  /PR]  =  l/Ts)  the  ambiguity  value  turns 
to  be  zero.  Because  of  these  zeros,  such  multiples  of  the  pulse  repetition  frequency  will  render 
the  radar  blind  (1]  to  their  velocities.  Nevertheless,  referring  to  punctured  binary  sequence-pair, 
ambiguity  values  do  not  go  to  zero  when  Doppler  frequencies  are  equal  to  multiples  of  the  PRF. 
Therefore,  using  the  punctured  binary  sequence-pair  as  the  compression  code  could,  to  some  extent, 
improve  the  blind  speed  problem  in  moving  target  detection  system. 
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4  Application  to  Radar  System 


According  to  [17],  the  following  probabilities  are  of  most  interest  in  t he  Radar  system. 

1.  Probability  of  Detection,  Pp:  The  probability  that  a  target  is  declared  when  a  target  is  in  fact 
present 

2.  Probability  of  False  Alarm,  Pfa-  The  probability  that  a  target  is  declared  when  a  target  is  in 
fact  not  present. 

3.  Probability  of  Miss.  P\j :  The  probability  that  a  target  is  not  declared  when  a  target  is  in  fact 
present. 

Note  that  P\j  —  I  Pp,  thus,  Pp  and  Pfa  suffice  to  specify  all  of  the  probabilities  of  interest 
in  radar  system.  The  above  three  probabilities  of  the  newly  provided  t biphase  code  punctured 
binary  sequence- pairs  in  radar  system  are  simulated  using  Matlab,  as  shown  in  Figs.  6  and  7.  In 
addition,  the  performance  of  the  13-length  Barker  code  and  31 -length  P4  code  are  provided  in  order 
to  compare  with  the  performance  of  punctured  binary  sequence- pairs  of  corresponding  lengths.  In 
the  simulation  model,  we  ran  Monte-Carlo  simulation  for  10r>  times  at  each  SNR  value,  the  Doppler 
shift  frequency  which  is  kept  less  than  1  unit  (normalized  to  the  inverse  of  the  length  of  the  code, 
in  units  of  \/NTs)  is  randomly  determined  by  Matlab,  and  the  time  delay  is  assumed  to  be  zero. 
We  use  threshold  detection  in  coherent  system  and  the  threshold  is  adaptively  determined  in  the 
simulation. 

In  Fig  6(a).  we  plotted  the  miss  detection  probabilities  P\i  of  13-length  punctured  binary 
sequence-pair  and  the  same  length  Baker  code.  Observe  Fig.  6(a),  the  miss  detection  probability 
P\j  of  the  system  using  13-length  punctured  binary  sequence-pair  is  lower  than  13-length  Barker 
code?  especially  when  the  SNR  is  not  large.  It  is  in  accordance  with  the  result  shown  in  Fig.  1 
that  when  Doppler  shift  is  kept  less  than  1  and  the  t  ime  delay  is  zero,  the  amplitude  of  punctured 
binary  sequence-pair  falls  more  sharply  than  Barker  code.  In  Fig.  6(b),  we  plotted  the  miss  targets 
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detection  probabilities  of  31 -length  punctured  binary  sequence-pair  and  those  of  the  same  length 
P4  code.  The  miss  targets  detection  probability  of  the  system  using  31-length  punctured  binary 
sequence-pair  is  less  than  31-length  P4  code  especially  when  the  SNR  is  not  large.  When  SNR 
is  larger  than  17  dB,  both  probabilities  of  miss  targets  detection  of  the  system  approach  zero. 
However,  the  probability  of  miss  targets  of  P4  code  is  lower  than  punctured  binary  sequence-pair. 
Comparing  both  Figs. 6(a)  and  6(b),  longer  punctured  code  perforins  better  especially  when  the 
SNR  is  not  very  large. 

In  addition,  we  also  plotted  the  probability  of  detection  versus  probability  of  false  alarm  of  the 
coherent  receiver  in  Fig.  7. 

Fig.  7(a)  illustrates  performance  of  13-length  punctured  binary  sequence-pair  and  the  same 
length  Baker  code  when  the  SNR  is  lOdB  and  14dB.  Having  the  same  SNR  value  such  as  lOdB 
or  14d  13  in  the  figure,  the  Pp  of  13-length  punctured  binary  sequence-pair  is  larger  than  Pp  of 
13- length  Barker  code  while  the  Pp^  of  the  first  code  is  also  smaller  than  Pp/\  of  the  latter  code. 
In  some  other  words,  13-length  punctured  binary  sequence-pair  has  much  higher  target  detection 
probability  while  keeping  a  lower  false  alarm  probability.  Furthermore,  observe  Fig.  7(a),  13- 
length  punctured  binary  sequence-pair  even  has  much  better  performance  at  lOdB  SNR  value  than 
13-length  Barker  code  at  14dB  SNR  value.  Similarly.  Fig.  7(b)  shows  that  the  performance  of  31- 
length  punctured  binary  sequence-pair  is  much  better  than  the  P4  code  of  same  length.  According 
to  the  above  results,  it  is  easy  to  see  that  our  newly  provided  punctured  binary  sequence-pair  is 
very  promising  to  be  an  alternative  pulse  compression  code  in  the  Radar  system 

5  Conclusion 

A  new  triphase  code  punctured  binary  sequence-pair  and  its  properties  have  been  investigated  in 
this  paper.  The  significant  advantage  of  the  new  triphase  code  over  conventional  phase  compression 
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code  is  the  considerably  reduced  sidelobe  as  low  as  zero  and  correspondingly  the  significantly  im¬ 
proved  PSR  of  the  autocorrelation  function  In  addition,  the  length  of  punctured  binary  sequence- 
pair  known  can  be  as  long  as  31  The  disadvantage  of  the  new  sequence-pair  is  that  it  is  not  so 
tolerant  of  Doppler  shift  when  the  Doppler  shift  is  larger  than  1.  We  also  apply  the  punctured 
binary  sequence-pair  to  the  target  detection  simulation  in  the  radar  system.  According  to  the 
simulation  results.  it  is  easy  to  observe  that  13-length  punctured  binary  sequence-pair  has  better 
performance  than  13-length  Barker  code.  Similarly,  the  31-length  punctured  binary  sequence- pair 
performs  better  than  31-length  P4  code  when  the  Doppler  shift  is  kept  loss  than  1  unit  (normalized 
to  the  inverse  of  the  length  of  the  code,  in  units  of  \/NTs)  in  the  radar  target  detection  system. 
According  to  the  results  presented  above,  the  general  conclusion  could  be  made  that  the  punc¬ 
tured  binary  sequence-pair,  which  has  much  longer  code  length  and  better  autocorrelation  sidelobe 
property  than  the  biphase  code  such  as  Barker  code,  and  simpler  structure  than  those  polyphase 
codes  such  as  1M  code,  effectively  increases  the  variety  of  candidates  for  pulse  compression  codes 
especially  for  long  code. 
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29 
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48.28 

31 

17053411166 

5  6  7  9  11  15  16  17  18  20 
21  23  24  28  31 

51.61 

31 

17464412730 

6  7  10  12  13  15  16  17 

18  20  22  26  29  30  31 

51.61 
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Figure  2  Ambiguity  function  of  13-length  codes:  (a)  Punctured  binary  sequence-pair  (b)  Barker 
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Figure  3:  Ambiguity  function  of  31-length  codes:  (a)  Punctured  binary  sequence- pair  (b)  P4  code 
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Abstract 

Based  on  the  zero  correlation  zone  (ZCZ)  concept  in  this  paper  we  present  the  definition 
and  properties  of  a  set  of  new  triphase  coded  waveforms  ZCZ  sequence-pair  set  (ZCZPS)  and 
propose  a  method  to  use  the  optimized  punctured  sequence- pair  along  with  Hadamard  matrix  in 
the  zero  correlation  zone  in  order  to  construct  the  optimized  punctured  ZCZ  sequence-pair  set 
(optimized  punctured  ZCZPS).  According  to  property  analysis,  the  optimized  punctured  ZCZPS 
has  good  autocorrelation  and  cross  correlation  properties  when  Doppler  shift  is  not  large.  We 
apply  it  to  radar  target  detection  The  simulation  results  show  that  optimized  punctured  ZCZ 
sequence-pairs  (optimized  punctured  ZCZPs)  outperform  other  conventional  pulse  compression 
codes,  such  as  the  well  known  polyphase  code~P4  code. 

Index  Terms  :  triphase,  zero  correlation  zone,  optimized  punctured  ZCZ  sequence- pair,  phase 
coded  waveform 
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1  Introduction 


Pulse  compression  known  as  a  technique  to  raise  the  signal  to  maximum  sidelobe  (signal-to- 
sidelobe)  ratio  to  improve  the  target  detection  and  range  resolution  abilities  of  the  radar  system, 
allows  a  radar  to  simultaneously  achieve  the  energy  of  a  long  pulse  and  the  resolution  of  a  short 
pulse  without  the  high  peak  power  which  is  required  by  a  high  energy  short  duration  pulse  (1).  One 
of  the  waveform  designs  suit  able  for  pulse  compression  is  phase-coded  waveform  design  that  a  long 
pulse  of  duration  7"  is  divided  into  AT  subpulses  each  of  width  Ts.  Each  subpulse  has  a  particular 
phase,  which  is  selected  in  accordance  with  a  given  code  sequence.  The  pulse  compression  ratio 
equals  the  number  of  subpulses  N  =  T/Ts  ~  BT  where  the  bandwidth  is  B  %  1/7*.  In  general,  a 
phase-coded  waveform  with  longer  code  word,  in  some  other  words,  higher  pulse  compression  ratio, 
can  have  lower  sidelobe  of  autocorrelation,  relative  to  the  mainlobe  peak,  so  its  main  peak  can  be 
better  distinguished.  The  relative  lower  sidelobe  of  autocorrelation  is  very  important  since  range 
sidelobe  are  so  harmful  that  they  can  mask  main  peaks  caused  by  small  targets  situated  near  large 
targets.  In  addition,  the  cross-correlation  property  of  the  pulse  compression  codes  should  be  con¬ 
sidered  in  order  to  reduce  the  interference  among  radars  when  we  choose  a  set  of  pulse  compression 
codes,  because  in  the  real  world,  a  radar  may  not  work  alone,  such  as  in  the  RSN  (Radar  Sensor 
Network). 

Much  time  and  effort  was  put  for  designing  sequences  with  good  autocorrelation  and  cross 
correlation  properties  for  radar  target  ranging  and  target  detection.  However,  it  is  known  that 
for  most  binary  sequences  of  length  N(N  >13)  the  attainable  sidelobe  levels  are  approximately 
SN  [2]  (3]  and  the  mutual  cross  correlation  peaks  of  sequences  of  the  same  length  are  much  larger 
and  are  usually  in  the  order  of  2yf(N)  to  3\f(N).  Set  of  binary  sequences  of  length  N  with 
autocorrelation  sidelobes  and  cross- correlation  peak  values  both  of  approximately  \/{N)  are  only 
achieved  in  paper  [4].  In  addition  to  binary  sequences,  polyphase  codes,  with  better  Doppler 
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tolerance  and  lower  range  sidelobes  such  as  the  Frank  and  PI  codes,  the  Butler-matrix  derived 
P2  code,  the  linear-frequency  derived  P3  and  P4  codes  were  provided  and  intensively  analyzed 
in  (5]  (6]  (7]  Nevertheless,  the  range  sidelobe  of  the  polyphase  codes  can  not  be  as  low  as  zero 
either.  The  structure  of  polyphase  codes  is  more  complicated  and  is  not  easy  to  generate  comparing 
with  binary  codes. 

Therefore,  based  on  zero-correlation  zone  (ZCZ)  [8]  concept  we  propose  triphase  coded  waveforms 
ZCZ  sequence-pair  .set.  which  can  reach  zero  autocorrelation  sidelobe  during  zero  correlation  zone 
and  zero  mutual  cross  correlation  peaks  during  the  whole  period.  We  also  propose  and  analyze  a 
method  that  optimized  punctured  sequence-pair  together  with  Hadamard  matrix  are  used  in  the 
zero  correlation  zone  to  construct  the  triphase  coded  waveform-optimized  punctured  ZCZ  sequence- 
pair  set  called  (optimized  punctured  ZCZPS)  and  subsequently  apply  it  to  radar  detection  system. 
For  the  performance  evaluation  of  the  proposed  triphase  coded  waveform,  an  example  is  presented, 
investigated  and  studied  in  the  radar  targets  detection  simulation  system.  Because  of  the  out¬ 
standing  property  performance  and  well  target  detection  performance  in  simulation  system,  our 
proposed  new  codes  can  be  useful  candidate  for  pulse  compression  application. 

The  rest  of  the  paper  is  organized  as  follows.  Section  2  introduces  the  definition  and  properties 
of  ZCZPS.  In  Section  3.  the  optimized  punctured  ZCZPS  is  introduced,  and  a  method  using  opti¬ 
mized  punctured  sequence- pair  and  Hadamard  matrix  to  construct  ZCZPS  is  given  and  proved.  In 
Section  4.  the  properties  and  ambiguity  function  of  optimized  punctured  ZCZPS  are  simulated  and 
analyzed.  The  performance  of  optimized  punctured  ZCZPS  is  investigated  in  radar  targets  detec¬ 
tion  simulation  system  comparing  with  P4  code.  In  Section  6,  conclusions  are  drawn  on  optimized 
punctured  ZCZPS. 
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2  The  Definition  and  Properties  of  ZCZ  Sequence-pair  Set 


Zero  correlation  zone  is  a  new  concept  provided  by  Fan  et.al  [8]  [9]  [10]  in  which  the  autocorrelation 
and  cross  correlation  sidelobes  are  zero  while  the  time  delay  is  kept  within  the  value  r  instead  of 
the  whole  period  of  time  domain. 

We  consider  ZCZPS(Ar.  Y),  X  to  be  a  set  of  h  sequences  of  length  N  and  Y  to  be  a  set  of  1\ 
sequences  of  the  same  length  N: 


x{p)  c  X  P=  0.1.2...  K  -  1  (1) 

y{q)  6  Y  <7  =  0,1,2 1<  —  1  (2) 

The  autocorrelation  function  for  sequence-pair  (xp.  yp)  is  defined  by: 

N-  1 

«x(.)y(P)(0  =  £  ^(P)!/((fi;)morfA-.0  <r<N-  1  (3) 

1=0 

The  cross  correlation  function  for  sequence-pair  (xp.  yp)  and  {xq,yq),p  ^  q  is  defined  by: 

N- 1 

cTwyM(T)  =  £  <T<  (4) 

i=0 

N-\ 

(  =  £  X\^y\uT)modN-  ^  -  7  -  1  (5) 

1=0 


For  pulse  compression  sequences,  some  properties  are  of  particular  concern  in  the  optimization 
for  any  design  in  engineering  field  They  are  the  peak  sidelobe  level,  the  energy  of  autocorrelation 
sidelobes  and  the  energy  of  their  mutual  cross  correlation  [4]  Therefore,  the  peak  sidelobe  level 
which  represents  a  source  of  mutual  interference  and  obscures  weaker  targets  can  be  presented  as 
m ax k'  |/?Try;'(r)|,  t  £  Zo( zero  correlation  zone)  for  ZCZPS.  Another  optimization  criterion  for  the 
set  of  sequence-pair  is  the  energy  of  autocorrelation  sidelobes  joined  t  ogether  with  the  energy  of  cross 
correlation.  By  minimizing  the  energy,  it  can  be  distributed  evenly,  and  the  peak  autocorrelation 
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level  can  be  minimized  as  well  [4].  Here,  the  energy  of  ZCZPS  can  be  employed  as: 

K  - 1  Z0  K- 1  K  -  1  N- 1 

E  =  Y,  £  y?r<p>,,w(T)  +  EIE  cx(p>y(^(T)  (6) 

p=0  r=  1  p=0  <7=0  r=0 

(p  / '/) 

According  to  (6)  it  is  obvious  to  see  that  the  energy  can  be  kept  low  while  minimizing  the  auto¬ 
correlation  and  cross  correlation  of  the  sequence-pair  set. 

Then,  the  ZCZPS  can  be  constructed  to  minimize  the  autocorrelation  and  cross  correlation  of 
the  sequence-pair  set  and  the  definition  of  ZCZPS  can  be  expressed: 

Definition  2-1  Assume(xJp\  )  to  be  sequence- pair  set  of  length  N  and  number  of  sequence-pair 
I\ .  where  p  —  1.2,3.  TV  —  1 ,  £  =  0, 1 T  2, ....  K  —  1  if  all  the  sequences  in  the  set  satisfy  the  following 
equation 

jv-i  yv-i 

R  ,  ,  .  Jr)  =  V  T{p)viq)'  =  V  v(p)x{q)* 

i=0  i=0 


A  Ah  for  t  =  0,p  =  q 


= 


0. 


for  t  =  0.  p  ^  q 


0,  for  0  <  |r|  <  Zq 


(7) 


where  0  <  A  <  1.  then  (z|p\  y\P^ )  is  called  a  ZCZ  sequence-pair,  ZCZP(N .  K .  Zq)  is  an  abbrevia¬ 
tion.  and  (Ah  V)  is  called  a  ZCZ  sequence-pair  set,  ZCZPS(N,K ,  Zq)  is  an  abbreviation. 


3  Optimized  Punctured  ZCZ  Sequence-pair  Set 

3.1  Definition  of  Optimized  Punctured  ZCZ  Sequence-pair  Set 

Matsufuji  and  Torii  have  provided  some  methods  of  constructing  ZCZ  sequences  in  [11]  [12].  In 
this  section,  we  apply  optimized  punctured  sequence- pair  [13]  in  zero  correlation  zone  to  construct 
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our  newly  provided  triphase  coded  waveform  optimized  punctured  ZCZPS.  In  some  other  words, 
optimized  punctured  ZCZPS  is  a  specific  kind  of  ZCZPS. 

Definition  3-1  (13]  Sequence  u  =  (up.  U\ , ....  ujv-i)  is  the  punctured  sequence  for  v  =  (rp.  V\ _ rv 

0,  if  j  0  p  punctured  bits 

(8) 

Vj.  if  j  g  Non-punctured  bits 
Where  p  is  the  number  of  punctured  bits  in  sequence  v,  suppose  Vj  —  (—1  1),  u  is  p-punctured 

binary  sequence,  (u,  v)  is  called  a  punctured  binary  sequence- pair. 

Theorem  3-1  (13)  The  autocorrelation  of  punctured  sequence-pair  {u,  v)  is  defined 

A'-l 

Ruv{t)  =  Y  uiv(i+r)modN ,0  <  T  <  N  1  (9) 

!=0 

If  the  punctured  sequence- pair  has  the  following  autocorrelation  property: 

E ,  if  r  =  OmodA^ 

(10) 

0.  others 

the  punctured  sequence- pair  is  called  optimized  punctured  sequence-pair  [13].  Where.  E  = 
zL^  p1  uiv{i+T)modjV  —  A'  -  p .  is  the  energy  of  punctured  sequence- pair. 

If  (arj7^  j/j7^)  in  Definition  2-1  is  constructed  by  optimized  punctured  sequence-pair  and  a  certain 
matrix,  such  as  Hadamard  matrix  or  an  orthogonal  matrix,  where 

x^  €  (-1,1),  i  =  0, 1,2, ...,  N  -  1 
y\q)  €  (  1,0,1),  i  =  0-1,2.  ...,N  -  1 


Ruv(t)  = 


(T)  =  V  x{p)v{q)'  -  Y'  v(p)xiq)‘ 

'T  >  !  "(i  +  rjmodN  Z>  Vi  (i  +  T 


(i+rpmxiN 


i=<) 


i=0 


=  < 


where  0  <  A  <  I,  then  (:rj^ , y\v^ )  can  be  called  optimized  punctured  ZCZ  sequence-pair  set. 


AAr,  for  r  =  0,  p  —  q 
0,  for  r  =  0,/)/(/ 
0.  for  0  <  |r|  <  Zo 


(H) 
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3.2  Design  for  Optimized  Punctured  ZCZ  Sequence-pair  Set 


Based  on  odd  length  optimized  punctured  binary  sequence  pairs  and  a  Hadamard  matrix  an 
optimized  punctured  ZCZPS  can  be  constructed  on  following  steps: 

Step  1  Considering  an  odd  length  optimized  punctured  binary  sequence-pair  (u,  r).  the  length 
of  each  sequence  is  N\ 

u  =  e  (-1.1), 

v  =  V0,V\.  €  (“1,0,  1), 

i  =  0-l,  2. ....  Arj  —  1.  N\  odd 

Step  2  Consider  Walsh  sequences  set  B,  the  length  of  the  sequence  is  Ar2  which  is  equal  to  the 
number  of  the  sequences.  In  some  other  words,  a  Hadamard  matrix  of  order  N2  is  considered. 

B  =  (b°  b] . b^-1). 

b'  =  (blb\ . i), 

N2.  if  t  =  j 

Rb-i>i  —  s 

[  0.  if  j 

Step  3:  Doing  bit-multiplication  on  the  optimized  punctured  binary  sequence-pair  and  each 
line  of  Walsh  sequences  set  B(Hadaniard  matrix),  then  sequence-pair  set  (Ar,  Y)  is  obtained, 

b  =  (60,  b j j ),  i  =  0. 1 , N-2  -  1 , 

Xj  =  ujrnodN\  bjinodN?  ’  0  —  *  —  ^2  ”  1  ?  0  S  j  S  A  —  1, 

X  ==  ( x° ,  x 1 . 

y)  =  ^rnorfiV,^n^2.0  <  i  <  N2  -  BO  <  j  <  N  -  1, 

^  =  (y0V,  •••■yAr2_1) 
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Where  GCD(N\,  Ar2)  =  1,  common  divisor  of  N\  and  /V2  is  1.  N  —  N ]  *  jV2.  The  sequence-pair 
set  (X  T)  is  optimized  punctured  ZCZPS  and  N\  -  1  is  the  zero  correlation  zone  Zq  The  length 
of  each  sequence  in  optimized  punctured  ZCZPS  is  N  =  N\  *  that  depends  on  the  product  of 
length  of  optimized  punctured  sequence-pair  and  the  length  of  Walsh  sequence  in  Hadamard  matrix. 
The  number  of  sequence-pair  in  optimized  punctured  ZCZPS  rests  on  the  order  of  the  Hadamard 
matrix.  The  sequence  x%  in  sequence  set  A'  and  the  corresponding  sequence  ?/  in  sequence  set  Y 
construct  a  sequence- pair  (x\if)  that  can  be  used  as  a  pulse  compression  code. 

The  correlation  property  of  the  sequence-pair  in  optimized  punctured  ZCZPS  is: 


Rx<yAT)  =  nx}y'(T)  =  Ruv(TmodN])RbibJ{TmodN2) 

-  Ruv(Tm.odN1)nl>}b,(Tm.odN2) 

EN2,  if  t  —  0,  j  =  j 
{  0,  if  0  <  |r|  <  N\  l.i  =  j 
0,  if  i  ^  j 
where  A'i  1  is  the  zero  correlation  zone  Z^. 

Proof: 

1)  When  )  =  j. 


(12) 


T  =  0, 


Ruv(0)  —  E ,  R  b* ffj  (0 )  — 


RTlyJ(0)  =  Ruv(0)Rb,tA0)  =  EN2; 


0  <  |t|  <  TVj  -  1. 


Ruv(t)  =  0. 

Rj'y]  (T)  =  Ruv  ( rmodEi )  Rb,  h,  (rmodN2 )  =  0; 


8 


2)  When  i  /  j. 


T  =  0, 

Rb'b)  (0)  =  0, 

=  Rx)y'  (0) 

=  RXiV{rmodN\  (rmodty)  =  0; 

0  <  |r|  <  Ni  -  1, 

Ruv(t)  =  0, 

Rx'yJ  (T)  =  RxJy'  (T) 

=  Ruv(TmodN\)n^f>J(TmodN2)  =  0. 

According  to  Definition  2-1,  the  sequence- pair  set  constructed  by  the  above  method  is  ZCZPS. 


4  Properties  of  Optimized  Punctured  ZCZ  Sequence-pair  set 

Considering  the  optimized  punctured  ZCZPS  that  is  constructed  by  the  method  mentioned  in 
the  last  part,  the  autocorrelation  and  cross  correlation  properties  can  be  simulated  and  analyzed 
with  Matlab.  For  example,  the  optimized  punctured  ZCZPS  (>Y,  Y)  is  constructed  by  31-length 

optimized  punctured  binary  sequence-pair  (u,  t>),u  =  [+  +  +  H - 1 - 1 - h  +  H - f- 

+  -  +  +  +  -+  +  -],t;  =  [+  +  +  +  000  +  0  +  0  +  +  +  0000  +  00  +  00+  +  +  0+  +0]  (using 

and  ’ — '  symbols  for  '1'  and  '  —  1')  and  Hadamard  matrix  H  of  order  4.  We  follow  the  three  steps 
presented  in  Section  B  to  construct  the  124-length  optimized  punctured  ZCZPS.  The  number  of 
sequence- pairs  here  is  4,  and  the  length  of  each  sequence  is  31  *  4  =  124.  The  first  row  of  each 
matrix  X  =  [xi ;  X3;  x^\  and  Y  =  \y\ ;  xj2\  j/3;  y<\\  constitute  a  certain  optimized  punctured  ZCZP 

(xi.t/i).  Similarly,  the  second  row  of  each  matrix  X  and  Y  constitute  another  optimized  punctured 
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ZCZ  sequence-pair  ;/_>)  and  so  on. 


I]  =  [4444 - +  -+  -+  +  4 - 4  -4 - 444-44-4444 - 4 

-4-444 - H--4--444-44-4444 -  4-4-444 

4--4--444-44-4444 - 4-  4-4  4  4 - 4-4-44-4 

-4444-444-4), 

i/l  =  [44  4  4  000  4040444  0000  4  00  4  00  44404  40  44  f  4000  404044  4  000 

0  4  00  4  00  4  4  4  0  4  40444  4000  40404  44  0000  4  00  40044404  40  4  4  4 
4000  4  0  4  0  4  4  4  0000  4  00  4  00  4  4  4  0  4  40); 

x2  =  [4 - 1 - b - 4 - 1 - b  4  4 - 44-444 - 4-44-44 

444-44-4 - b  4  4 - b - b  4  4  -  4 - 4 - 4 - 4  - 

444 - 44-4  44 - 4-44-44444  4  -44-  b - 444 

4 - 44], 

1/2  =  (4  -  4  000  0  0  -  4  -  0000  4  00  -  00  4  -  4  0  4  -  0  -  4  -  4000  4  0  4  0  4  -  4  00 

00  -  00  4  00  4  -  0  -  4  0  4  -  4  -000  -  0  -  0  -  4  -  0000  4  00  +  00  4  -  4  4  0  4  -  4 

0-44-  4  4 000  40404-4  0000  -  00  4  00  -  4  -  0  -  40]. 

Optimized  punctured  ZCZ  sequence-pairs  (x\,y\)  and  (.;■•_> . ?/•_> )  are  simulated  and  investigated  in 
the  following  parts. 

4.1  Autocorrelation  and  Cross  Correlation  Properties 

The  autocorrelation  property  and  cross  correlation  property  of  124-length  optimized  punctured 
ZCZ  sequence  pair  set  (A. Y)  are  shown  in  Figs.  1  and  2. 

Horn  the  Figs.  1  and  2.  the  sidelobe  of  autocorrelation  of  ZCZPS  can  be  as  low  as  0  when  the 
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time  delay  is  kept  within  Zq  —  N\  =  31  (zero  correlation  zone)  and  the  cross  correlation  value  is 
kept  as  low  as  0  during  the  whole  time  domain. 

It  is  known  that  a  suitable  criterion  for  evaluating  code  of  length  N  is  the  ratio  of  the  peak 
signal  divided  by  the  peak  signal  sidelobe  (PSR)  of  their  autocorrelation  function  which  can  be 
bounded  by  [14) 

<  2 OlogN  =  \PSRmaj\dB  (13) 

The  only  uniform  phase  codes  that  can  reach  the  PSRmaj  are  the  Barker  codes  whose  length  is 
equal  or  less  than  13.  The  sidelobe  of  the  new  code  shown  in  Fig.  1  can  be  as  low  as  0.  and  the 
peak  signal  divided  by  the  peak  signal  sidelobe  can  be  as  large  as  infinite.  Besides,  the  length  of 
the  new  code  is  various  and  much  longer  than  the  length  of  the  Barker  code. 

4.2  Ambiguity  Function 

When  the  transmitted  impulse  is  reflected  by  a  moving  target,  the  reflected  echo  signal  includes  a 
linear  phase  shift  which  corresponds  to  a  Doppler  shift  [14].  As  a  result  of  the  Doppler  shift  /<*, 
the  main  peak  of  the  autocorrelation  function  is  reduced.  At  the  same  time,  the  SNR  degradation 
occures  <is  following: 


\d\dB  =  10/  og 


_ /o'  x(g).x‘(5)f/,s 

Jq  x(s)eJ7nPTr  r' (s)ds 


(14) 


In  addition,  the  sidelobe  structure  is  changed  because  of  the  Doppler  shift. 

The  ambiguity  function  which  is  usually  used  to  analyze  the  radar  performance  within  Doppler 
shift  can  be  found  in  [14]  shown  as  following: 


y{t-Fn 


x{s)e^2ni'DSx*(s  -  t)ds  =  A(t,  Fq) 


(13) 
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where  t  is  the  time  delay  and  Fp  is  the  Doppler  shift. 

An  equivalent  definition  can  be  given  in  terms  of  the  signal  spectrum  by  applying  basic  Fourier 
transform  properties 

A{t,FD)=  [  X  '(F)X(F  FD)e}2vFldF  (16) 

J -oo 

The  ambiguity  function  is  defined  as  the  magnitude  of  A(t,  Fp)  [14]  as  following: 

A(t,FD)  =  \A(LFd)\  (17) 

However,  we  are  focusing  on  optimized  punctured  ZCZPS  in  this  research,  so  the  transmitting 
code  and  the  receiving  code  are  not  the  same.  The  ambiguity  function  for  ZCZPS  can  be  rewritten 
as 

Vpairit,  FD)  =  X^(s)€^2l,FDSy^(s  t)ds 

where  p.q  —  0  1,2...,  K  —  1 

/IXJ 

X(ph(F)yM(F-  FDy2l,FldF 

-oc 

where  p ,  q  =  0. 1.2...,  K  -  1  (18) 

The  ambiguity  function  is  defined  as  the  magnitude  of  Apair(t,  Fp)  as  following: 

APair(t,FD)  =  \Apair(t,Fp)\  (19) 

In  addition,  assume  the  ZCZPS  are  (XY')-  xSp)  €  X ,  x ^  o  -  nTs)  and  y ^  £  Y, 

y ^  o  !/nP^U  nr,),  since  the  periodic  correlation  is  used  instead  of  aperiodic  correlation  in 
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this  paper.  The  Apair(t.  Fjj)  in  one  period  of  length  NTS  can  be  expressed  as: 


\Apair(t,  Fd)\ 


(20) 


|  l*  xM{s)yM'[s  +  (NTS  ~  t))e{j2ltFDS)ds 


+  /  x{p)(s)y^{s-t)e{j2^FDs)ds\ 


o 

r(K- i)T. 


p,g  =  0,1.2..../<  -  1 


At  the  same  time,  when  p  —  q.  equation  (21)  can  be  used  to  analyze  the  autocorrelation  performance 
within  Doppler  shift;  and  when  q  ^  p.  equation  (21)  can  be  used  to  analyze  the  cross  correlation 
performance  within  Doppler  shift.  Equation  (21)  is  plotted  in  Fig.  3  in  a  three-dimensional  surface 
plot  to  analyze  the  radar  performance  of  optimized  punctured  ZCZPS  within  Doppler  shift.  Here, 
maximal  time  delay  is  1  unit  (normalized  to  length  of  the  code,  in  units  of  NTS)  and  maximal 
doppler  shift  is  5  units  for  cross  correlation  and  3  units  for  autocorrelation  (normalized  to  the 
inverse  of  the  length  of  the  code,  in  units  of  \/NTs). 

In  Fig.  3(a),  there  is  relative  uniform  plateau  suggesting  low  and  uniform  sidelobes.  This  low 
and  uniform  sidelobes  minimize  target  masking  effect  in  zero  correlation  zone  of  time  domain  where 
Z{)  —  31,  —31  <  r  <  31.  Prom  Fig.  3(b),  considering  cross  correlation  property  between  any  two 
optimized  punctured  ZCZ  sequence-pairs  among  the  ZCZ  sequence-pair  set,  124-length  optimized 
punctured  ZCZPS  is  tolerant  of  Doppler  shift  when  Doppler  shift  is  not  large.  When  the  Doppler 
shift  is  zero,  the  range  sidelobe  of  cross  correlation  of  our  proposed  code  is  zero  in  the  whole  time 
domain. 

As  synchronization  technology  develops  exponentially  in  the  industrial  world,  time  delay  can. 
to  some  extent,  be  well  controlled.  Therefore,  it  is  necessary  to  investigate  the  performance  of  our 
proposed  code  without  time  delay.  When  t  =  0.  the  ambiguity  function  can  be  expressed  as: 


(21) 
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And  the  doppler  shift  performance  without  time  delay  is  presented  in  the  Fig.  4. 

Fig.  4(a)  illustrates  that  without  a  time  delay  and  having  the  Doppler  shift  less  than  1  unit,,  the 
autocorrelation  value  of  optimized  punctured  ZCZPS  falls  sharply  during  one  unit,  and  the  trend 
of  the  amplitude  over  the  whole  frequency  domain  decreases  as  well  Fig.  4(b)  shows  that  there  are 
some  convex  surfaces  in  the  cross  correlation  performance.  One  should  observe  Figs. 4 (a)  and  4(b). 
when  Doppler  frequencies  equal  to  multiples  of  the  pulse  repetition  frequency  (PRF  =  1  /PRI  — 
\/Ts).  all  the  ambiguity  value  turns  to  zero  except  when  Doppler  frequency  is  equal  to  2  PRF  for 
cross  correlation.  1  hat  is  the  same  as  many  widely  used  pulse  compression  binary  code  such  as  the 
Barker  code.  Overall,  the  amibuguity  function  performances  of  optimized  punctured  ZCZP  can  be 
as  efficient  as  conventional  pulse  compression  binary  code. 

5  Application  to  Radar  System 

According  to  (14],  Pp  (Probability  of  Detection),  Pfa  (Probability  of  False  Alarm)  and  Pa/  (Prob¬ 
ability  of  Miss)  are  three  probabilities  of  most  interest  in  the  radar  system.  Note  that  P\j  =  1  Pp, 
thus,  Pp  and  Pfa  suffice  to  specify  all  of  the  probabilities  of  interest  in  radar  system.  Therefore,  we 
simulated  the  above  three  probabilities  of  optimized  punctured  ZCZ  sequence-pair  in  radar  system 
in  this  section.  The  performance  of  124-length  P4  code  is  also  provided  in  order  to  compare  with  the 
performance  of  punctured  binary  optimized  punctured  ZCZ  sequence-pair  of  corresponding  length. 
In  the  simulation  model,  1(P  times  of  Monte-Carlo  simulation  has  been  run  for  each  SNR  value. 
The  Doppler  shift  frequency  that  is  kept  less  than  1  unit  (normalized  to  the  inverse  of  the  length 
of  the  code,  in  units  of  1/jYT,)  is  a  random  variable,  and  the  time  delay  is  assumed  zero.  Also,  the 
threshold  detection  is  used  in  this  coherent  system  where  the  threshold  is  adaptively  adjusted 
In  kig.  5.  t  he  probabilities  of  miss  target  detection  Pa/  of  the  system  using  124-length  optimized 
punctured  ZCZ  sequence-pair  are  lower  than  124- length  P4  code  especially  when  the  SNR  is  not 
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large.  When  SNR  is  larger  than  18  dB.  both  probabilities  of  miss  targets  of  the  system  approaches 
zero.  However,  the  probabilities  of  miss  targets  of  P4  code  fall  more  quickly  than  optimized 
punctured  ZCZ  sequence-pair. 

We  plotted  the  detection  probability Pp  versus  false  alarm  probability  Pfa  of  the  coherent 
receiver  in  Fig.  6. 

Fig.  6  shows  performance  of  124-length  optimized  punctured  ZCZ  sequence-pair  and  the  same 
length  P4  code  when  the  SNR  is  lOdB  and  14dB  Within  the  same  SNR  value  either  lOdB  or  14dB, 
the  detection  probabilities  of  124- length  optimized  punctured  ZCZ  sequence-pair  are  much  larger 
than  detection  probabilities  of  124-length  P4  code,  and  meanwhile  false  alarm  probabilities  of  the 
first  code  an*  also  smaller  than  Pfa  of  the  latter  code.  In  some  other  words.  124-length  optimized 
punctured  ZCZ  sequence-pair  has  higher  target  detection  probability  while  keeping  a  lower  false 
alarm  probability.  Furthermore,  observe  Fig.  6.  124-length  optimized  punctured  ZCZ  sequence- pair 
even  has  much  better  performance  with  lOdB  SNR  than  124-length  P4  code  with  14dB  SNR. 

6  Conclusions 

The  definition  and  properties  of  a  set  of  newlv  provided  triphase  coded  waveforms  ZCZ  sequence- 
pair  set  were  discussed  in  this  paper.  Basal  on  optimized  punctured  sequence-pair  and  Hadamard 
matrix,  we  have  investigated  a  constructing  method  for  the  triphase  coded  waveform-optimized 
punctured  ZCZPS  made  up  of  a  set  of  optimized  punctured  ZCZPs  along  with  studying  its  prop¬ 
erties.  The  significant  advantage  of  the  optimized  punctured  ZCZPS  is  a  considerably  reduced 
sidelobe  <is  low  as  zero  in  the  zero  correlation  zone  and  zero  mutual  cross  correlation  value  in  the 
whole  time  domain  The  disadvantage  of  our  proposed  code  is  that  the  number  of  the  sequences  in 
the  set  depends  on  the  order  of  Hadamard  matrix  that  is  limited  by  2k .  {k  —  0.1  ...).  According 
to  the  radar  system  simulation  results  shown  in  Figs. 5  and  6,  it  is  easy  to  observe  that  124-length 
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optimized  punctured  ZCZPS  has  better  performance  than  124-length  P4  code  when  the  Doppler 
shift  is  kept  less  than  1  unit  (normalized  to  the  inverse  of  the  length  of  the  code,  in  units  of  \/NTs). 
A  general  conclusion  can  be  drawn  that  the  optimized  punctured  ZCZPs  in  an  optimized  punctured 
ZCZPS  can  effectively  increase  the  variety  of  candidates  for  pulse  compression  codes  if  and  only  if 
optimized  punctured  ZCZPS  has  much  better  autocorrelation  and  cross  correlation  properties  than 
the  optimum  biphase  codes  (longer  than  13),  whose  autocorrelation  sidelobes  and  cross  correlation 
peak  value  have  been  found  to  be  both  approximately  y/N .  Because  of  the  ideal  cross  correla¬ 
tion  properties  of  optimized  punctured  ZCZPS,  future  work  would  focus  on  the  application  of  the 
optimized  punctured  ZCZPS  in  multiple  radar  systems. 
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Figure  2  Periodic  cross  correlation  property  of  optimized  punctured  ZCZPS 
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Figure  5:  Ambiguity  function  of  124-length  ZCZPS:  (a)  autocorrelation  (b)  cross  correlation 
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Figure  7  Probability  of  miss  targets  detection  (No  time  delay.  Doppler  shift  less  than  1):  124-length 
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Combined-Jamming  Interference  Analysis 
for  FH/MFSK  Multi-Radio  Wireless  Mesh 

Networks 

Davis  Kirachaiwanich,  and  Qilian  Liang 


Abstract — For  the  past  decades,  the  performances  of  frequency-hopping  systems  under  various  jamming  strategies  have  been 
investigated  In  this  paper  we  consider  the  performance  of  the  noncoherent  slow  frequency-hopping  system  with  A/-ary  frequency- 
shift-keyed  modulation  (NC-FH/MFSK)  under  independent  multitone  jamming  (IMTJ)  and  under  partial-band  jamming  (PBJ)  The  exact 
BER  expressions  of  the  system  under  each  jamming  strategy  are  derived.  Then,  we  combine  the  two  expressions  together  to  develop  a 
new  interference  model  for  multi-radio  frequency-hopping  wireless  mesh  networks  (MR-FH  WMN).  Because  it  takes  into  account  both 
the  cochannel  and  the  coexisting-network  interferences,  the  new  interference  model  thus  reflects  a  very  realistic  interference  situation 
and  it  can  be  incorporated  to  the  channel  assignment  (CA)  algorithms  to  assign  appropriate  channels  (or  hopping  pattern,  in  our  case) 
to  interfaces  of  the  routers  in  the  mesh  network  In  addition,  we  also  compare  the  performances  of  NC-FH/4FSK  system  under  the  two 
jamming  strategies,  the  numerical  results  have  illustrated  that  PBJ  is  more  effective  jamming  strategy  than  IMTJ. 

Index  Terms — Frequency  hopping,  MFSK,  fading  channel,  independent  multitone  jamming,  partial-band  jamming,  interferences, 
wireless  mesh  network 
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1  Introduction 

HE  performances  of  noncoherent  slow  frequency- 
hopping  system  with  M  ary  frequency-shift  keyed 
modulation  (NC-FH/MFSK)  under  various  hostile  jam¬ 
ming  strategies  have  been  widely  studied  in  several 
publications  in  the  past  decades.  Multitone  jamming 
(MTJ)  refers  to  the  set  of  jamming  strategies  in  which 
total  power  of  jamming  source  is  equally  partitioned 
into  multiple  interference  tones.  The  band  multitone 
jamming  (BMTJ)  denotes  the  jamming  strategy  where 
each  jammed  frequency-hopping  (FH)  band  is  jammed 
by  a  specific  number  of  the  interference  tones,  randomly 
distributing  within  the  FH  band.  Compared  to  the  BMTJ, 
the  independent  multitone  jamming  (IMTJ)  is  a  similar 
but  more  flexible  jamming  strategy  In  IMTJ,  there  is 
no  restriction  regarding  how  many  interference  tones 
should  be  placed  in  each  jammed  FH  band  The  inter¬ 
ference  tones  from  the  jamming  source  will  randomly 
distribute  across  the  entire  communication  bandwidth. 
Hence,  with  IMTJ,  the  number  of  interference  tones  in  a 
jammed  FH  band  can  be  as  few  as  one  and  as  many  as 
M  interference  tones. 

In  1 1],  an  expression  for  calculating  the  bit  error  rate 
(BFR)  for  NC-FH/MFSK  with  additive  white  Gaussian 
noise  (AWGN)  and  Rician  fading  under  worst-case  BMTJ 
has  been  derived  and  the  BER  performance  of  an  NC 
Fll/BFSK  (A/=2)  system  has  been  chosen  to  illustrate 
the  effect  of  BMTJ  in  comparison  to  that  of  IMTJ.  Later, 


•  Authors  are  with  Department  of  Electrical  Engineering.  University  of 
Texas  at  Arlington.  Arlington.  TX.  7601 1 . 

E-mail  davis  kirachaiwanich@mavs  uta  edu.  Iiang@uta.edu 


[2)  has  proposed  an  alternative  approach  to  combine 
signal  and  other  wideband  interferences  together  as  a 
single  Gaussian  process,  which  leads  to  a  computational 
effective  BER  expression  compared  to  |1).  In  1 3) .  the 
performance  of  NC  FF1/MFSK  system  with  AWGN  and 
Rician  fading  under  IMTJ  was  investigated  and  the  exact 
BER  for  the  NC-FH/MFSK  system  has  first  been  derived 
In  contrary  to  the  first  two  jamming  strategies,  the 
partial  band  jamming  (PBJ)  is  the  term  use  to  represent 
the  jamming  strategy  where  the  total  jamming  power  is 
spreaded  evenly  over  a  certain  band  of  the  entire  com 
munication  bandwidth,  rather  than  equally  partitioned 
into  certain  number  of  interference  tones  The  interfer 
ing  signal  from  the  jamming  source  will  be  of  similar 
characteristic  to  AWGN,  except  that  it  exists  in  only  a 
fraction  of  the  entire  bandwidth  The  BER  peformance 
of  NC-FH/MFSK  system  under  PBJ  has  previously  been 
considered  in  many  of  the  literature,  for  example  [4)  |8) 
In  this  paper,  we  derive  the  exact  BER  expressions  for 
NC-FH/MFSK  system  with  Rician  fading  channel  under 
IMTJ  and  PBJ  strategies.  For  IMTJ.  we  have  adapted  the 
notions  in  |1)  and  |2]  for  the  system  under  BMTJ  to 
derive  a  new  analysis,  which  can  be  considered  as  an  al¬ 
ternative  approach  to  one  used  in  |3]  It  predicts  the  same 
BER  performance  as  reported  in  [3]  for  NC  FH/4FSK 
system,  but  with  the  improvement  of  one  numerical 
integration  less.  Then  combining  together  the  BER  ex 
pressions  derived  for  the  system  under  the  two  jamming 
strategies,  we  subsequently  develope  a  new  interference 
model,  so  called  combined  jamming  model,  suitable  for 
multi-radio  frequency  hopping  wireless  mesh  networks 
(MR  FH  WMNs).  As  an  illustration,  we  also  provide  an 
example  application  of  the  combined-jamming  model  on 
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an  MR-FH  WMN  where  each  router  node  in  the  mesh 
is  equipped  with  multiple  NC  FH/MFSK  interfaces. 

WMN  has  recently  become  a  very  promising  alterna 
tive  for  establishing  wireless  backbone  for  communica 
tion  networks.  Our  choice  of  FH/MFSK  modulation  in 
the  MR-FH  WMN  not  only  allows  multiple  router  nodes 
to  access  the  shared  media  concurrently,  but  it  also  con 
ceals  the  transmissions  from  physical  layer  attacks.  [ 20] 
and  [21 1 ,  and  provides  ease  in  implementing  the  router 
nodes.  As  FH/MFSK  modulation  technique  has  been 
specified  in  IEEE  802.11  standard,  these  router  nodes 
can  be  easily  implemented  using  commercial  off  the 
shelf  (COTS)  IEEE  802  ll(FH)  equipment.  Generally,  the 
IEEE  standard  FH  equipment  uses  ISM  band  (2.4GHz- 
2. 4835GHz)  as  the  operational  bandwidth  and  divides  it 
into  79  FH  bands  to  support  the  FH  modulation  tech 
nique.  And  to  prevent  signals  from  collisions  (cochannel 
interference),  the  FH  bands  are  further  grouped  into 
three  interleaving  and  non  colliding  hopping  patterns 
with  26  FH  bands  per  pattern  [16]. 

Obviously,  if  we  can  assign  hopping  patterns  prop 
erly  to  the  interfaces  of  each  router  node  in  our  MR 
FH  WMN.  cochannel  interferences  will  decrease  signif 
icantly.  thus,  the  mesh  capacity  increases.  Should  we 
consider  hoppping  patterns  as  radio  channels  in  IEEE 
802.11  a/b/g,  the  assignment  of  hopping  patterns  is 
hence  equivalent  to  the  assignment  of  channels  to  radio 
interfaces  Using  the  new  interference  model  we  can 
then  estimate  the  costs  associated  with  assigning  each 
hopping  pattern  to  an  interface  and  allow  us  to  apply 
the  channel  assignment  (CA)  algorithms  for  1EEF  802.11 
a/b/g  WMNs,  [12]  [15],  to  assign  hopping  patterns  to 
interfaces  in  MR-FH  WMN 

Additionally,  this  paper  also  investigates  the  degrada 
tion  of  the  performance  of  NC-FH/MFSK  system  caused 
by  1MTJ  and  PRJ.  For  each  jamming  strategy,  we  provide 
an  analysis  to  determine  the  condition  under  which  the 
worst  system  performance  occurs.  Then,  by  comparing 
the  worst-case  results  obtained,  we  determine  either 
IMTJ  or  PBJ  is  more  effective  jamming  strategy. 

2  NC-FH/MFSK  SYSTEM  UNDER  IMTJ 

All  FH  systems  in  this  paper  are  assumed  to  be  slow 
hopping  systems  over  N  non  overlapping  FH  bands 
Each  FH  band  is  comprised  of  M  —  2K  signal  frequen 
cies  of  the  M -ary  FSK  modulation  Hence,  there  are  NM 
possible  frequency  slots  and.  in  each  hop.  one  of  these 
slots  will  be  chosen  for  transmitting  a  signal  tone.  If 
all  FH  bands  are  contiguous,  the  entire  communication 
bandwidth  thus  equals  to  Br  —  NBh,  where  Bh  is  the 
bandwidth  of  an  FH  band.  Also,  we  assume  that  the 
transmission  bit  rate  of  the  system  is  /fo  =  K  Ps  =  K /TSt 
where  T,  is  the  symbol  period  and  Rs  =  1  /Ts  denotes  the 
symbol  transmission  rate.  Without  the  effect  of  fading 
channel,  the  average  received  power  for  every  symbol 
transmitted  is  assumed  to  be  Ps  or  equal  to  an  average 
symbol  energy  of  Es  —  PSTS.  Therefore,  the  received  bit 
energy  can  be  calculated  by  Et>  =  Es/loy2M . 


With  IMTJ  strategy,  the  jamming  source  is  assumed 
to  transmit  q  €  [LJVA/]  interference  tones,  which  are 
distinct  and  randomly  distributed  over  the  entire  band 
width  Bt.  If  we  assume  that  the  total  interference  power 
received  at  the  receiver  is  Pjt  and  each  interference  tone 
equally  contributes  this  power,  the  received  power  for 
each  interference  tone  therefore  equals  Pj  —  Pjt/q  or 
the  received  energy  of  Ej  =  PjTs  =  PjrT9/q. 

The  signal  tone  and  interference  tones  are  assumed  to 
undergo  independent  fading  channels  before  arriving  at 
the  receiver  with  noncoherent  detection  scheme  Besides, 
all  fading  channels  in  this  study  are  assumed  to  be  slow 
fading,  frequency  non-selective  Rician  processes,  whose 
PDF  is  of  the  following  form 


fxk  (**)  =  ^4  exp  (  - 


2a,2 


<H :*k 
nl 


w(Xjl)  (1) 


where  /q()  denotes  the  zero**  order  modified  Bessel 
function  and  u(-)  is  the  unit  step  function  a2  and 
2a2  are  the  average  power  of  the  LOS  (Line  Of  Sight) 
and  the  scattering  rays  of  the  fading  channel.  We  can 
also  define  another  parameter  to  determine  the  Rician 
fading  channel  by  using  the  ratio  of  a2  and  2<r2.  i.e. 
Kk  =  o£/2cr2  where  k=1.2.  /\ i  is  the  Rician  factor  of 
the  fading  channel  for  signal  tone  and  K2  is  for  the 
interference  tones. 

At  the  receiver,  the  received  signal  is  de  hopped  and 
noncoherently  detected  It  is  assumed  that  each  symbol 
of  the  A:/  ary  FSK  is  equally  likely.  The  receive  signal 
after  de  hopped  can  be  represented  as 


r,(u.<)  =  Xk  \f^P%  cos(iamf  -I-  0,)  4  n(uj)  (2) 


where  is  a  Rician  random  variable  representing  the 
envelope  of  the  fading  channel  and  its  PDF  can  be 
represented  as  (1).  P,  is  the  average  received  power  of 
the  tone  if  the  effect  of  fading  channel  is  not  accounted. 
The  subscript  i=s,j  denotes  signal  tone  and  interference 
tone  respectively,  c jm,  rn- 1.2..  .A/,  is  angular  frequency 
for  an  MFSK  symbol  and  0  is  unknown  phase.  n(u,t)  is 
AWGN  with  total  power  -  Ao/Tfl. 

Since  the  interference  tones  are  distinct  and  randomly 
distributed,  in  a  jammed  FH  band,  there  can  be  as  few  as 
one  and  as  many  as  rnin(q,  M )  interference  tones.  Hence, 
the  probability  of  symbol  error  (or  symbol  error  rate, 
SER)  of  the  NC  FH/MFSK  system  can  be  calculated  by 

P,(e)  =  Po  •  P,o(e)  +  P’>  '  P”'(e)  <3) 

n  =  1 

where  P5(e)  is  the  total  SER.  P0  and  Pn  are  the  prob 
ablities  that  an  FH  band  is  jammed  by  zero  and  n 
interference  tones,  where  1  <  n  <  min(qtM).  P* o(e) 
and  Pan(e)  are  the  SER’s  corresponding  to  the  specific 
number  of  interference  tones  in  the  FH  band.  Then,  for 
MFSK  system,  the  probability  of  bit  error  (bit  error  rate. 
BER)  can  be  calculated  from  the  total  SER  by 

p*<e)  =  xr^rp*<c)  (4) 

M  —  l 
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2.1  Probability  of  symbol  error  with  no  interference 
tone 

If  the  jammer  transmits  q  interference  tones  using  q 
random  frequency  slots  from  iX M  possible  frequency 
slots  in  the  entire  bandwidth,  the  probability  that  an  FH 
band  does  not  contain  any  interference  tone  can  be  given 
by 

m nt>  l5) 

k= 0 


Provided  that  an  FH  band  is  jammed  by  n  interference 
tones,  there  are  two  possible  cases.  First  is  the  case  when 
the  signal  tone  is  jammed  by  one  of  n  interference  tones 
in  the  FH  band  and  the  probability  that  one  out  of  n 
interference  tones  will  jam  the  signal  is  n/M.  Second  is 
when  none  of  n  interference  tones  is  located  in  the  same 
frequency  slot  as  the  signal,  i  e.  the  signal  is  not  jammed 
The  probability  of  the  second  case  is  .  The  SER 

when  an  FH  band  is  jammed  by  n  interference  tones  can 
be  expressed  as 


Generally  for  noncoherent  detection  scheme,  the  out¬ 
puts  of  the  envelope  detector  in  the  branch  where  signal 
tone,  or  interference  tone  (or  both)  is/are  present  will 
have  its  PDF  followed  Rician  distribution  while  the  other 
output  branches  with  AWGN  only,  are  known  to  follow 
just  Rayleigh  distributions,  which  can  be  expressed  by 
replacing  a*  in  (1)  with  zero.  Therefore,  the  SER  when 
an  FH  band  contains  no  interference  tone,  given  the 
envelope  of  the  Rician  channel  of  signal  tone  is  known, 
can  be  calculated  using  |1|  1 23] , 


PA)(e\no  int.  tone}x\) 

=  P(|S  +  n(u)\  <  |«(ti)|  ki)A,_1 


A/-1 


=  £ 


(-i  r 


v  +  1 


M  1 

t' 


exp 


- vP„X ? 


{v  +  1 )al 


(6) 


Multiplying  the  Rician  PDF  in  (1)  to  (6)  and  integrating 
the  resulting  product  with  respect  to  xj,  we  can  obtain 
the  SER  when  an  FH  band  contains  no  interference  in 
the  form  of  |1], 


P,n(e|n  int.  tones) 
n 

—  ( — ) PST1  ( 1 1 signal  is  j arnrned) 

M 

+  (— — — )Psn {e\signal  is  not  jammed)  (10) 


To  evaluate  the  SER  when  the  signal  is  jammed,  |2] 
has  provided  a  computational  efficient  method  based  on 
the  use  of  phasor  representations  and  noncentral  chi 
squared  PDF’s.  It  can  be  shown  for  any  two  Rician 
random  variables,  say  7?0i  and  /?02.  that  P(7?0i  >  P<n)  — 
P(/*g,  >  R% 2)  (3)  of  (2],  the  probability  is  given  as 


P(Ro\  >  7^02) 


P(R o.  >  ^02 ) 


Q 


■to 


/  v  I  A  01  l\Q2b  \ 

V- 6  +  1  ) 


Koi  ■+  ho 26 \ 

Hi  ) 


(11) 


P,o(e\no 

int.  tone 

1  r  ' 

II 

(■ 

1  r1  p 

it  2a2  x  \ 

') 

„=  1  1  + 

(i  +  If)  v 

•ex  p 

1  -F 

/  2a  2  X 

(7) 

v(l  +  |f) 

where  a2H 

and  2o j 

are  the  average 

LOS  power  and  the 

average  scaterring  powers  of  the  signal.  These  parameter 
can  be  expressed  in  general  as 


Pi»l 


Pi°k 


(8) 


with  the  subscript  ?— s ,j.  and  and  2o\, where  A:=l,2,  are 
averaged  LOS  and  scattering  powers  of  the  channel  for 
signal  and  interference  tones  respectively 


2.2  Probability  of  symbol  error  when  signal  branch 
jammed 

F01  an  NC  FH/MFSK  system  with  NM  possible  fre¬ 
quency  slots,  the  probability  that  an  FFi  band  will 
be  jammed  by  n  interference  tones,  where  1  <  n  < 
min(q,  M)  is  given  as 


Tl  -  1  A/  -  1 

'"'Ill'll- 

Ar=0  j  =  ti 


NM 


where  hj  =  / 2of,  l  =  01,  02,  are  Rician  factor  for 
Hoi  and  7?02  respectively.  b=°  02/^01  •  and  Q(x,y)  is  the 
Marcum's  Q  function  Without  loss  of  generality  we  can 
assume  that  the  signal  is  present  in  the  first  output 
branch  of  the  detector,  as  well  as  one  of  the  11  interference 
tones  that  jam  the  signal  tone.  And  we  will  assume  also 
that  the  rest  n  1  interference  tones  are  in  the  next  consec 
utive  branches.  Therefore,  1  **  to  nlh  output  branches  of 
the  envelope  detector  will  have  their  PDF  follow  Rician 
distributions  and  the  output  of  the  rest  M  -  n  branches 
will  follow  Rayleigh  distributions.  Furthermore,  when 
the  signal  tone  in  the  first  output  branch  is  jammed,  the 
averaged  LOS  power  in  the  branch  can  be  expressed  as 

+  o*  +  2asOj  cos (12) 

where  g:  is  the  random  phase  difference  between  re 
ceived  signal  tone  and  interference  tone  and  is  as 
summed  to  uniformly  distributed  between  0  to  2zr .  So, 
the  SER  given  the  signal  is  jammed  can  be  calculated  by 

Psn(c\signal  is  jammed) 

=  1  —  7^(77oi  >  P<)2  D  7?oi  >  7?a3  n  Ho\  >  Roa  •) 

n  A/ 

=  1  -  H  P{Rm>Kn)  1 1  P(Roi  >  Rqj) 

k=2 

=  1  P(H 01  >  Rta)”  1  P(Po  1  >  K 


(9) 


(13) 
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where  Rm.Rm . Rom  represent  the  random  outputs 

at  1*'.  2 th....,Mth  branches  of  the  detector.  The  second 
equality  in  (13)  is  obtained  by  using  the  fact  that  each 
output  of  the  detector  branches  is  independent  of  each 
other.  Now.  we  will  consider  seperately  the  first  product 
term  on  RHS  of  the  second  equality  in  (13).  For  given  tp, 
the  conditional  probability  P(Rm  >  R$ 2IV7)  can  evalu 
ated  easily  by  substituting  the  following  parameters  into 

(ID 


A  01 


b 


SJ 


2 a?  +  2 o2  -f  ol  ' 

+  < 

24  4  2o]  4  cl 


A  02  = 


2*7  +  ol 


(14) 


Similarly,  if  we  treat  Rayleigh  random  variable  as  a 
special  case  for  Rician  random  variable,  we  can  obtain 
the  probability  for  the  second  product  term  with  condi 
tion  on  p  as 


R(Rm  >  /loAflvO 


2(rr2  +  a2  +  ol) 


•  exp 


2(4  4  o]  4  ol) 


(15) 


be  expressed  as 

Pail(e\signal  is  not  jammed) 

—  1  -  P(Rq\  >  Rq2  d  Rq\  >  Ro 3  ^  R< ii  >  Ro 4  ••) 

T.-fl  M 

=  1  J]  P(Roi  >  Ro k)  II  >  /?<4 

k= 2  j  =  ti  +  2 

=  1  P(R0]  >  R<a )"  •  P(R 0,  >  /?oa,)a'  ’-1  (18) 


Once  again,  the  probability  P(Ro\  >  R 02)  for  the 
second  equality  of  (18)  can  be  calculated  by  substituting 
the  following  parameters  into  (1 1) 


A'01  = 


2a? 


A' 02  = 


2a?  +  ol 


b  = 


+  ol 

2  ol  +  ol 


(19) 


By  the  same  mean,  the  conditional  probability  for  the 
second  product  term  is  found  to  be 


P(/?oi  >  Rom)  =  1 


2  (ci + oi : 


exp 


2(o]  Pol) 


(20) 


Finally,  we  can  combine  together  every  equations  we 
have  derived  to  compute  for  the  total  SER  of  NC- 
FH/MFSK  system  under  1MTJ  in  (3)  Then,  using  (4), 
we  can  easily  convert  the  total  SER  to  BER. 


3  NC-FH/MFSK  SYSTEM  UNDER  PBJ 


Substituting  (14)  in  (11)  to  obtain  the  conditional 
probability  of  the  first  product  term,  using  (15)  for  the 
conditional  probability  of  the  second  product  term,  and 
integrating  (13)  over  p,  we  then  obtain  the  complete 
expression  for  the  SER  for  the  case  as 


Psn(e\stynal  is  jammed.) 


=  1 


l  r 2" 

2  *  Jo 

2 o]  4  ol 

2(4  +  17*) 

2o  7  o  ? 


Q 


exp 


A) 


oi  4-  a: 


2  Oj 


exp 


’t  + 


2(o 


(Tj-  4  o] 


T  +  °j> 


M  —  n 


2  Oj* 


(16) 


where 


+  +  < 


(17) 


2.3  Probability  of  symbol  error  when  signal  branch 
not  jammed 

When  all  n  interference  tones  in  the  FH  band  are  not  in 
signal  branch,  n  4  1  output  branches  of  the  envelope 
detector  will  follow  Rician  distributions  and  the  rest 
M  -  n  1  branches  will  follow  Rayleigh  distributions. 
Similarly,  we  will  assume  that  the  signal  tone  is  present 
in  the  first  output  branch  and  n  interference  tones  are  in 
the  next  consecutive  branches.  In  this  case,  the  SER  can 


With  PBJ  strategy,  we  will  assume  that  the  total  inter 
ference  power  received,  Pjj.  is  being  spreaded  across  a 
continuous  bandwidth  B3  using  direct  sequence  spread 
spectrum  modulation  (DSSS).  If  Br  is  the  entire  band 
width  then  the  jamming  ratio,  p,  equals  Bj/Br  <  T 
Instead  of  interference  tones,  we  are  now  considering 
the  interferece  as  another  kind  of  noise,  in  addition  to 
AWGN,  with  its  power  spectral  density  (PSD)  equal  to 


V  -  ^]]  -  ^jT  —  -  NjT 
1  3  ~  B}  ~  BT  Bj~  P 


(21) 


where  N3t  =  Rjt/Rt  is  the  equivalent  PSD  level  of  the 
interference  noise  over  bandwidth  Br . 

Besides,  we  will  also  assume  that,  if  an  FH  band  is 
jammed,  all  M  frequency  slots  of  the  FH  band  will 
be  jammed  The  probability  that  an  FH  band  will  get 
jammed  thus  equals  to  p  whereas  the  probability  that  an 
FH  band  will  not  get  jammed  is  1  —p.  When  an  FH  band 
is  jammed,  all  of  its  M  frequency  slots  will  be  corrupted 
by  both  the  interference  noise  and  the  thermal  AWGN. 
thus,  the  total  noise  power  ( o £)  in  a  jammed  FH  band 
can  be  expressed  as 


at  =  a?  4-  a? 


NjT  Ajj 

pTs  7; 


(22) 


where  o2y  and  o\  are  the  powers  of  the  interference  noise 
and  the  thermal  noise  respectively.  Now,  we  can  consider 
the  total  SER  of  an  NC-FH/MFSK  system  under  PBJ  by 


P*(e)  =  P(hop  is  jammed)  •  Ps(e\hop  is  jammed) 

+  P(hop  not  jammed)  •  Ps(e\hop  not  jammed) 
—  p  Ps(e\h op  i s  j amrn ed ) 

4-(l  —  p)  •  Ps(e\hop  not  jammed)  (23) 
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3.1  Probability  of  symbol  error  given  an  FH  band  is 
jammed 

When  an  FH  band  is  jammed,  the  interference  noise  will 
superimpose  AWGN  and  the  total  noise  power  n\  can 
be  found  using  (22).  The  SER  given  that  an  FH  band 
is  jammed  can  be  calculated  using  (7)  with  o2n  being 
replaced  by  o\.  By  doing  so,  we  can  obtain  the  SER  as 


PH(e\hop  2s  jammed) 


V"  (-ir41  (M  -  l\ 

hi  i  +  »(i  +  ^)\  v  / 


•exp 


+  *o  +  §f: 


(24) 


3.2  Probability  of  symbol  error  given  an  FH  band  is 
not  jammed 

In  contrary,  when  an  FH  band  is  not  jammed,  AWGN 
will  be  the  only  noise  source  corrupting  the  transmitted 
signal  tone  The  SER  given  that  an  FH  band  is  not 
jammed  can  be  found  using  (7). 


P„(e\hop  not  jammed) 


M-\ 


E 


• exp 


(-1)<,+  I  /At  1\ 

i+r(i  +  ^?)\  ®  ) 


-v-f 

n  1 


i  +«(i  +  it) 


(25) 


Then,  we  must  substitute  (24)  and  (25)  into  (23)  to 
complete  the  analysis  for  the  SER  of  the  NC-FH/MFSK 
system  under  PBJ.  Once  the  total  SER  is  obtained,  the 
BER  of  the  system  can  also  be  calculated  using  (4). 


4  The  combined-jamming  interference 

MODEL 

In  the  previous  sections,  detailed  derivations  have 
been  given  to  calculate  the  BER  performance  of  NC- 
FH/MFSK  system  under  IMTJ  and  PBJ  strategies.  Due 
the  scenarios  on  which  the  derivations  base  and  the 
use  of  the  term  “jamming”,  the  final  SER  expressions 
obtained  may  appear  useful  only  to  some  military  pur 
poses.  However,  if  we  consider  an  environment  where 
more  than  one  NC-FH/MFSK  systems/links  share  the 
same  spectrum,  while  a  transmitter  is  sending  a  signal 
to  a  receiver,  other  transmitters  may  also  communicate 
with  their  correspoding  receivers.  A  receiver  may  re 
ceive  signal  tones  other  than  that  transmitted  from  its 
intended  transmitter.  Thus,  instead  of  being  jammed  by 
the  interference  tones  intentionally  transmitted  from  a 
jammer,  the  signal  is  now  interfered  by  the  interference 
tones  from  numbers  of  transmitters  sharing  the  same 
channel,  so-called  cochannel  interference.  Because  they 
originate  from  different  transmitters,  these  interference 
tones  are  randomly  distributed  across  the  entire  band 
width.  Except  for  their  origins,  the  characteristic  of  these 
interference  tones  is  very  similar  to  that  of  the  jamming 
tones  in  IMTJ  strategy.  In  this  circumstance,  the  BER 


performance  of  an  NC  FH/MFSK  system  can  then  be 
calculated  as  if  it  is  jammed  by  IMTJ. 

Besides  the  cochannel  interference,  in  the  real  practice, 
a  receiver  may  also  receive  some  other  interferences 
from  external  networks  Because,  this  paper  focuses 
on  the  NC-FH/MFSK  system  constructed  using  IEEE 
802  11  (FH)  equipment,  the  external  interference  could 
come  from  IEEE  802.11  b/g  wireless  local  area  network 
(WLAN),  which  coexists  on  the  same  area  and  operates 
on  the  same  2.4  GHz  frequency  spectrum  In  this  case, 
we  can  then  model  the  coexisting  DSSS-modulated  in 
terference  as  a  partial  band  interference  or  interference 
noise  in  the  PBJ  strategy.  Then,  to  calculate  the  BER 
performance  of  an  NC-FH/MFSK  system/link  under 
the  cochannel  and  the  coexisting  network  interference, 
we  must  combine  together  the  BER  expressions  for  the 
system  under  IMTJ  and  PBJ  strategies. 

For  ease  of  representation,  let  us  define  A  as  the  event 
that  an  FH  band  is  jammed  by  the  interference  noise 
from  the  coexisting  network  and  A'  as  the  event  that 
an  FH  band  is  not  jammed  by  the  interference  noise. 
Recalling  from  (23),  we  can  calculate  the  probability  of 
symbol  error  by 

P*(e)  =  P(A)  •  I\(e  |  A)  +  P(A')  P,(e  |  A')  (26) 

If  there  are  q  interference  tones  from  q  interfering 
transmitters,  the  number  of  interference  tones  in  an  FH 
band  will  be  a  value  within  the  range  of  |0,  mm(q,  \/)]. 
For  ease  of  representation,  we  then  define  Bo  as  the  event 
when  an  FH  band  is  not  jammed  and  Bn  as  the  event 
when  the  hop  is  jammed  by  n  interference  tones  where 
n  6  [1.  min(q,  M)].  Now,  if  we  incorporate  the  effect  of 
the  interference  tones,  (26)  can  then  be  re-written  as 

P„(e)  =  P(AnBo)-Pa(e\AnBo) 

+  P(A'nB0)-  Ps(e\A'r\B0) 

+  E  [eMnBn)./*,(eMnS„) 

7J  —  1 

=  P(A)-  [/’(Bo)  -P„(e  Mn  Bo) 

mirt(q.  A/) 

+  Y  P{Bn)‘PAe]A  ns„)] 

n—\ 

+  P(A')-  [P(B0)-  P,(e\A'nB0) 

mtn(q.M) 

+  Y  (27) 

TJ  =  1 

The  second  equality  in  the  equation  is  derived  from  the 
fact  that  the  interference  tones  and  the  interference  noise 
are  independent,  so  event  A  is  independent  from  event 
Bo  and  Bn. 

If  the  interference  noise  is  known  to  spread  over  a 
bandwidth  of  the  entire  bandwidth  Bj ,  then  P(A) 
equals  to  the  jamming  ratio  p  =  Bj/Bt  and  P(A')  thus 
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equals  (1  p).  Also,  because  N  and  q  or  the  total  number 

of  FH  bands  and  total  number  of  interference  tones  are 
known  parameters,  we  can  easily  calculate  P(Bn)  and 
P{Bri)  from  (5)  and  (9)  respectively. 

Next  let  us  consider  the  conditional  probabilities  in 
(27)  Under  the  condition  of  event  A',  there  will  be  no 
interference  noise  in  the  FH  band,  hence,  AWGN  will  be 
the  only  noise  corrupting  the  signal  tone.  The  total  noise 
power  in  the  FH  band.  Oj,  is  thus  equal  to  the  AWGN 
power,  o Ps(e\A'  n  Bo)  and  Ps(e\Af  Pi  B„)  can  then 
be  evaluated  using  (7)  and  (10).  Contrarily,  when  the 
interference  noise  exists,  under  the  condition  of  event 
A.  the  total  noise  power  in  the  FH  band  now  becomes 
the  sum  of  AWGN  power  and  the  interference  noise 
power,  i.e.  And,  to  calculate  P5(e|  A  n  Z30) 

and  Ps(e  |  A  D  Bri),  we  must  replace  a l  with  Oj  while 
calculating  (7)  and  (10). 

5  The  combined-jamming  model  for  the 
CHANNEL  ASSIGNMENT  IN  MR-FH  WMNS 

As  an  example,  this  section  will  discuss  how  the 
combined  jamming  model  can  be  employed  to  model  the 
interferences  in  multi  radio  frequency  hopping  wireless 
mesh  networks  (MR-FH  WMNs)  and  aid  in  the  assign 
ment  of  channels  to  the  radio  interfaces. 

Wireless  mesh  networks  (WMNs)  consist  of  mesh 
routers  and  mesh  clients,  where  mesh  routers  have  min 
imal  mobility  and  form  the  backbone  of  WMNs.  They 
provide  network  access  for  both  mesh  and  conventional 
clients.  The  integration  of  WMNs  with  other  networks 
such  as  the  Internet,  cellular,  IEEE  802  11,  IEEE  802.15, 
IEEE  802  16,  sensor  networks,  etc  ,  can  be  accomplished 
through  the  gateway  and  bridging  functions  in  the  mesh 
routers.  Mesh  clients  can  be  either  stationary  or  mobile, 
and  can  form  a  client  mesh  network  among  themselves 
and  with  mesh  routers  [9],  The  IEEE  802.1 1  b/g  and  IEEE 
802.11a  standards  define  3  and  12  non  overlapping  fre¬ 
quency  channels,  respectively.  Using  multiple  channels 
in  MR  WMNs  greatly  improves  the  network  throughput 
[11|  One  of  the  most  important  design  questions  for  an 
MR  WMN  is  the  channel  assignment  problem,  i.e.,  how 
to  bind  each  radio  interface  to  a  radio  channel  [10]  As 
the  number  of  radio  interfaces  increases,  mesh  routers 
tend  to  interfere  more  with  each  other;  thus,  the  capacity 
of  the  network  drops. 

To  achieve  the  reasonable  throughput  from  WMN, 
several  publications,  [12]  [15).  have  proposed  algo 

rithms,  which  are  focused  to  reduce  cochannel  interfer 
ences  by  carefully  managing  how  each  node  accesses  to 
the  share  media  In  [12).  an  interference  aware  channel 
assignment  (CA)  algorithm  has  been  proposed  for  IEEE 
802.11  a/b/g  MR  WMN.  The  centralized  CA  algorithm 
was  designed  by  taking  into  account  both  the  interfer¬ 
ences  among  router  nodes  and  the  external  interference 
from  coexisting  network.  To  estimate  the  two  types 
of  interferences,  the  author  developed  the  multi-radio 
Conflict  Graph  (MCG)  and  used  it  for  modelling  the 


interferences  among  router  nodes  while,  for  the  coex¬ 
isting  network  interference,  the  inherited  radio-sensing 
mechanism  in  the  IEEE  802.11  a/b/g  standards  was 
adopted  to  monitor  for  unrecognized  radios  periodically. 
Also,  in  1 13),  the  author  has  proposed  an  interference 
model  for  partially  overlapped  channels  and,  to  illustrate 
its  benefit,  the  model  was  thus  used  to  enhance  the 
performance  of  two  previously  proposed  CA  algorithms. 

In  this  paper,  we  consider  the  channel  assignment 
problem  in  an  MR-FH  WMN  in  which  each  router 
node  is  equipped  with  multiple  NC-FH/MFSK  radio 
interfaces.  As  previously  suggested,  these  router  nodes 
can  be  implemented  cost  efficiently  using  COTS  IEEE 
802  1 1  (FH)  equipments  In  spite  of  how  they  are  imple¬ 
mented,  to  establish  the  network,  we  assume  that  the 
router  nodes  are  deployed  uniformly  and  lightly  over  a 
rural  region  so  that  the  distances  from  any  router  node  to 
its  surrounding  neighbors  are  indifferent  and  each  node 
will  have  only  a  few  neighbors  surrounding  them. 

Each  node  is  comprised  of  at  least  two  different  radio 
interfaces,  one  for  a  control  channel  and  all  the  oth¬ 
ers  for  information  channels.  For  an  enhanced  security 
during  information  transmissions,  every  interface  des¬ 
ignated  for  information  are  specifically  choosen  to  be 
NC-FH/MFSK  radio  system  while,  for  the  controlling 
purpose,  the  interface  can  be  of  any  radio  systems  other 
than  the  NC  FH/MFSK,  e  g  IEEE  802.1 1  a.  Only  impor¬ 
tant  thing  is  that  the  two  channel  types  are  on  different 
frequency  ranges,  hence  they  do  not  interfere.  We  as 
sume  that  the  transmission  power  and  radio  parameters 
for  every  NC-FH/MFSK  interface  are  homogenous  and 
known  and  each  node  is  perfectly  aware  of  its  own 
coordinate  position. 

In  the  entire  bandwidth  Bj  for  NC-FH/MFSK  radio, 
we  assume  that  there  are  N  FH  bands  available  and.  to 
achieve  the  greatest  benefit  of  having  multiple  interfaces 
a  node,  we  divide  the  FH  bands  into  b  interleaving 
and  non  colliding  hopping  patterns  to  enable  concurrent 
links.  Each  hopping  pattern  thus  has  N})  =  N/b  FH 
bands,  each  with  M  possible  signal  frequency  slots,  and 
there  will  be  the  total  of  NPM  frequency  slots.  Because 
these  patterns  are  interleaving  and  non-colliding,  a  link 
using  one  hopping  pattern  will  not  interfere  with  that 
on  the  other  patterns  Hence,  it  is  possible  for  any 
nodes  with  multiple  NC-FH/MFSK  interfaces  to  support 
concurrent  information  links  without  having  them  inter 
fering  with  each  other,  if  the  links  are  performed  using 
different  hopping  patterns. 

It  can  be  observed  that  the  hopping  patterns  here  is, 
in  fact,  very  similar  to  the  radio  channels  in  IEEE  802.1 1 
a/b/g.  Hence,  the  decision  as  to  which  hopping  pattern 
is  suitable  for  a  specific  link  can  also  be  determined  by 
the  CA  algorithm,  similar  to  those  in  1 1 2)  [15],  at  the 
setup  phase  of  the  network 

In  this  paper,  we  have  adopted  the  interference  aware 
CA  algorithm  previously  proposed  in  [12]  and  modified 
it  to  suit  with  the  assignment  of  hopping  patterns  in  our 
NC-FH/MFSK  WMN  mainly  by  introducing  an  appro 


7 


priate  interference  model  for  estimating  the  link’s  BER. 
By  doing  so.  it  should  also  be  noted  that  we  have  just 
defined  the  BER  as  a  metric  for  measuring  the  severity 
of  the  interferences  on  the  links. 

Since  every  router  node  has  the  same  transmission 
power  and  NC-FH/MFSK  radio  parameters,  the  trans¬ 
mission  range  will  be  the  same  for  every  router  node 
and.  in  this  paper,  we  define  the  transmission  range  to 
cover  approximately  the  distance  of  one  hop  and  the 
interference  range  is  assummed  to  be  twice  as  far  as  the 
transmission  range  or.  roughly,  a  tw'o  hop  distance. 

Now.  let’s  gain  some  insight  on  the  network  by  con 
sidering  the  process  during  setting  up  of  the  mesh 
Since  each  mesh  router  is  previously  assumed  to  have 
a  control  channel,  it  is  further  assumed  that  the  control 
channels  of  every  router  node  are.  by  default,  set  to  an 
encrypted  common  channel.  After  the  router  nodes  are 
setup,  they  will  immediately  forward  the  information, 
such  as  node  IDs,  coordinate  locations,  transmission 
powers,  and  number  of  interfaces,  to  a  pre  assigned 
center  node  (PAC),  which  will  collect  all  the  information 
and  construct  a  map  of  the  network  and  the  MCG  as 
defined  in  [12].  Then.  PAC  will  execute  the  CA  algorithm 
to  assign  hopping  patterns  to  links  of  each  routers, 
starting  from  PAC  itself  then  moving  outward  to  those 
surrouding  PAC  within  the  first  hop,  the  second  hop, 
and  so  on  It  should  be  noted  that,  among  those  within 
the  same  hop  distance  from  PAC,  the  algorithm  will  start 
at  the  closest  node  to  PAC  first.  Once  the  assignment  is 
ended,  PAC  then  notifies  the  router  nodes  to  set  their 
radios  accordingly. 

When  a  node  acquires  the  list  of  hopping  patterns 
assigned,  instead  of  using  them  directly  as  the  hopping 
sequences  for  the  designated  interfaces,  it  will  sort  the 
FH  bands  associated  with  each  pattern,  one  pattern  at  a 
time,  and  randomly  shuffle  the  order  of  the  FH  bands 
to  create  a  new  hopping  sequence  that  is  distinct  But, 
because  one  link  involves  two  nodes,  only  one  node  on 
the  link  should  obviously  perform  the  shuffling  process, 
otherwise  the  hopping  sequence  between  two  nodes  will 
not  match  and  the  link  will  never  be  formed  Therefore, 
we  specify  that  the  node  with  lower  ID  on  the  link  will 
execute  the  shuffling  process  and  then  inform  the  new 
hopping  sequence  to  the  other  node  using  the  control 
channel.  At  the  completion  of  the  process,  the  mesh  is 
then  formed  and  nodes  will  communicate  accordingly. 

It  is  noted,  however,  because  the  main  CA  algorithm 
used  in  this  paper  is  an  an  interference  aware  one,  which 
is  considered  as  an  adapted  version  of  the  original 
BFS  CA  algorithm  in  1 1 2]  Hence,  a  direct  information 
transmission  between  two  specific  neighbors  may  not  ac¬ 
tually  exist,  unless  an  addition  topology-control  code  is 
inserted  into  the  algorithm.  But.  due  to  the  avalability  of 
the  common  channel  for  control  signal,  the  information 
can  then  be  tranmitted  directly  between  the  two  neigh¬ 
bors  of  interest  using  a  temporary  link  on  the  common 
channel.  Besides,  the  advantage  of  having  a  common 
control  channel  also  applies  in  the  case  when  a  node 


is  required  to  broadcast  information  to  its  neighbors. 

Thus  far,  we  have  already  picked  up  some  ideas  about 
how  the  network  operates  and  how  the  CA  algorithm  is 
used  to  assign  the  hopping  patterns.  As  an  illustration  of 
how  interferences  can  be  evaluated  by  the  CA  algorithm, 
let  us  consider  an  example  scenario  shown  in  Fig.  1. 
Here,  six  router  nodes  are  used  to  setup  a  simple  mesh 
network  and  each  node  is  labeled  corresponding  to  its 
name  and  number  of  its  NC-FH/MFSK  interfaces.  For 
example,  A-2  means  node  A  is  equipped  with  two  NC- 
FH/MFSK  interfaces.  Here,  we  assume  that  the  total  of 
N  FH  bands  are  divided  into  two  hopping  patterns  and 
node  A  is  the  PAC  node.  At  the  time  being,  we  assume 
the  algorithm  has  been  running  for  some  times  and  some 
of  the  links  have  already  been  assigned  with  hopping 
patterns,  A<^B  (the  link  between  node  A  and  node  B) 
and  C«->E  are  assigned  to  pattern  1  while  A«-»C  and  B«->D 
are  allocated  to  pattern  2.  The  algorithm  is  now  running 
for  C«->F. 

First,  let  us  consider  if  C— >F  is  to  be  assigned  with 
pattern  1.  Because  the  interference  range  is  defined  as 
the  distance  of  two  hop,  every  link  within  the  two  hop 
radius  of  node  C  is  thus  considered  a  conflict /interfering 
link  to  C«->F;  namely  A<^B.  A<-»C,  and  C<->E.  However, 
should  C«->F  be  taken  on  pattern  1,  the  transmissions 
on  A*->C  in  pattern  2  no  longer  interfere  with  it;  hence, 
the  BER  calculation  should  take  into  account  only  A-^B 
and  C<^E,  which  use  the  same  hopping  pattern  as  C*  »F. 
Let’s  now  assume  information  is  being  transmited  as 
NC-FH/MFSK  signal  tones  from  node  F  to  node  C  and 
node  A  to  node  B.  During  the  transmissions,  node  E 
has  also  started  to  transmit  information  to  node  C  using 
another  interface  of  node  C.  Therefore,  as  a  receiver, 
node  C  will  pickup  not  only  the  desired  signal  tones 
from  node  E  and  F  but  also  undesired  interference  tones 
from  A.  The  algorithm  consider  node  C  as  a  reference 
receiver  (node  C  is  the  closer  node  in  C<->F  to  PAC)  and 
node  F  as  a  reference  transmitter,  every  tone  transmitted 
from  node  F  is  then  the  desired  signal  tone  to  node  C 
while  those  from  node  A  and  node  E  are  considered 
as  cochannel  interferences.  Similarly,  if  C<->F  is  to  be 
assigned  with  pattern  2,  A<->C  is  thus  its  conflict  link 
and  the  tone  transmitted  from  node  A  is  regarded  as 
cochannel  interference  Because  the  hopping  sequence 
used  on  any  link  comes  from  the  randomly-shuffled  FH 
bands  of  the  hopping  pattern  assigned  to  it,  every  tone 
transmittied  will  be  randomly  distributed  on  the  entire 
bandwidth  and  independent  of  each  other.  Therefore, 
we  are  allowed  to  model  the  cochannel  interferences  as 
the  independent  interference  tones  in  1MTJ  However, 
it  is  noted  that  the  interference  tones  in  1MTJ  strategy 
are  actually  equal  in  power  and.  furthermore,  every 
tone  is  always  tranmitted  with  different  frequency  slot. 
But,  with  C^F  being  assigned  with  pattern  1,  it  is 
obvious  that  the  interference  tones  from  node  A  and 
node  E  will  have  different  powers  due  to  their  different 
distances  from  node  C.  Besides,  the  interference  tones 
from  node  A  and  node  E  can  also  be  transmitted  on  the 
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Fig  1.  An  Example  of  Interferences  in  WMN 

same  frequency  slot  because  their  hopping  sequences  are 
totally  random  and  independent. 

However,  if  we  consider  the  practical  configuration. 
IEEE  802.11  (FH)  equipment  uses  26  FH  bands  per  pat¬ 
tern  and  4-level  Gaussian  FSK  modulation,  i.e.  Np  =  26 
and  M  =  4.  The  total  number  of  frequency  slots  per 
pattern  thus  equal  NVM  =  104  slots,  which  is  quite  a 
lot.  Besides,  if  we  consider  a  lightly-deployed  network, 
each  node  will  be  surrounded  by  a  few  neighbors  and, 
among  these  neighbors,  only  those  use  the  same  hopping 
patterns  are  likely  to  introduce  cochannel  interferences. 
The  number  of  cochannel  interference  tones  in  each 
pattern  is  hence  small  In  other  word,  there  will  be 
a  lot  more  frequency  slots  than  the  interference  tones 
and  the  probability  of  having  interference  tones  being 
transmitted  on  the  same  frequency  slot  is  literally  ne 
glegible.  Subsequently,  for  the  equal  power  constrain, 
since  we  have  assumed  nodes  are  uniformly  deployed 
which  is  usually  valid  with  typical  backbone  network 
deployment  hence  the  distances  between  nodes  will  be 
slightly  different  and  we  can  easily  cope  by  using  the 
avarage  power  of  the  interference  tones  received 

Now,  let  us  cover  in  more  detail  on  the  case  when 
C«->F  is  to  assigned  with  hopping  pattern  1.  In  this 
case,  the  total  number  of  independent  interference  tones 
for  pattern  1,  q\,  is  equal  to  two  since  there  are  two 
interference  tones  being  received  at  node  C.  one  from 
node  A  and  the  other  from  node  E.  The  received  powers 
of  the  signal  from  node  F  and  the  interference  tones  from 
node  A  and  node  E  can  be  found  using  the  free  space 
pathloss  model,  1 25] . 

Pu  =  (28) 

where  d  is  the  distance  between  transmitter  and  receiver 
node,  J\i  is  the  received  power  of  the  signal  tranmitted 
from  node  k  and  received  at  node  /,  and  Pj  is  the 
transmitted  power.  The  constant  K  can  be  determined 
by  the  transmitting  and  receiving  anttenna  gains  and 
the  wavelength  of  the  transmitted  signal.  Since  all  these 
parameters  are  assumed  to  be  known,  we  can  easily 
calculate  the  received  power  of  signal  tone  (Pfc)  and 
the  received  powers  of  interference  tones  from  node  A 
and  node  E  [Pac  and  Pec)  using  (28).  Then,  we  can  find 
the  average  received  power  of  the  interference  tones  at 
node  C  (P,c  =  £[ Pac  +  Pec])- 


Fig.  2.  A  frequency-domain  illustratation  of  interference 
tones  (cochannel  interferences)  and  interference  noise 
(coexisting-network  interference)  of  an  MR-FH  WMNs 
with  2  hopping  patterns  available. 


Next,  it  is  assummed  that  a  site  survey  has  been  per 
formed  prior  to  installation  and,  because  the  prospective 
site  is  a  rural  area,  only  an  IEEE  802  1 1  b  WLAN  is  coex 
isiting  on  the  site.  The  interference  from  the  network  can 
be  modeled  as  the  partial  band  interference  noise  in  PBJ 
strategy  The  power  of  interference  noise  received  at  each 
node  in  our  MR-FH  WMN  usually  varies  and  depends 
on  the  distance  between  node  and  the  interfering  source. 
We  can  define  o2k  as  the  power  of  the  interference  noise 
being  received  at  router  node  k.  And  if  Nj  is  the  number 
of  FH  bands  that  are  jammed  by  the  interference  noise, 
the  entire  bandwidth  jamming  ratio  can  then  expressed 
as  p  =  Nj/N.  But,  because  hopping  patterns  are  formed 
by  interleaving  and  non-colliding  FH  bands,  N j  jammed 
FH  bands  will  be  equally  partitioned  to  each  pattern 
In  this  case,  the  jamming  ratio  of  hopping  pattern  i  or 
p,  will  be  the  same  as  the  entire  bandwidth  jamming 
ratio,  p.  It  should  be  noted  that  °)k  at  node  k  and  p, 
are  the  parameters  known  to  PAC  after  the  site  survey 
is  performed 

To  estimate  the  SER  associated  with  any  hopping 
pattern  being  assigned  to  a  link,  we  can  use  (27)  of 
the  combined  jamming  analysis  in  the  previous  section 
to  account  for  the  effect  caused  the  cochannel  and 
coexisting  network  interferences  Table  1  illustrates  the 
values  for  some  important  parameters  used  in  (27)  to 
calculate  the  SER  when  C«->F  in  Fig.  1  is  to  be  assigned 
with  hopping  pattern  1.  Note  that,  in  the  table,  the 
scattering  ray  powers  for  signal  and  interference  tone 
are  set  to  zero  because  no  fading  channel  is  assumed 
in  this  example.  In  general,  the  parameters  can  be  set 
accordingly  to  reflect  the  actual  characteristic  of  the 
fading  channel 

Using  the  SER  values  obtained  from  (27)  and  con 
verting  them  into  BER  by  (4),  the  CA  algorithm  then 
compares  the  BER  costs  associated  with  each  hopping 
pattern  and  decide  the  most  appropriate  patterns  for 
C~F. 

As  a  numerical  example  of  the  performance  predicted 
by  the  combined  jamming  interference  model.  Fig.  3  il 
lustrates  the  plots  of  the  BER  values  obtained  when  C^F 
is  to  be  assigned  to  each  hopping  pattern  We  assumed 


9 


TABLE  1 

Parameters  for  calculating  SER  when  C<^F  is  assigned 
to  hopping  pattern  1 


Variable 

Definition 

Value 

N 

Total  FH  bands  in  the  patlern 

NP 

f\ 

Received  power  of  signal  lone 

Pfc 

Pj 

Avg  received  power  of  int  lone 

\{Pac  +  Pec ) 

Q 

Total  int.  lones  in  the  paiiern 

<71  =  2 

2  2 

o  . .  <> 

■  1 

Avg.  LOS  signal /ini  pow  er 

1 

2  2 

Avg.  scatlering  signal/int  power 

0 

P 

Jamming  ratio  in  ihe  patlern 

Pi 

a2 

7 

lnl.  noise  power  at  ref  receiver  node  C 

that  N  —  78  and  the  modulation  is  NC  FH/4FSK  (M  =  4) 
Since  there  are  two  hopping  patterns  (b  =  2)  used  in 
the  example  scenario  in  Fig.  1.  thus  Np  =  N/b  —  39 
Ft i  bands  per  pattern  SIR  (signal  to  interference-noise 
ratio)  represents  the  ratio  of  signal  power  to  interference 
noise/coexisting  network  interference  power  and  SNR 
(signal  to  noise  ratio)  denotes  the  ratio  of  signal  power 
to  AWGN  power.  Mathematically,  these  ratios  can  be 
expressed  as 


SIR  = 


Pm 

Vj^logzM 


SNR  = 


Ps 

allog2M 


(29) 


For  the  scenario  in  Fig.  1  with  NC-FH/4FSK  modula 
tion  SIR  equals  Ppc/2a^c  and  SNR  equals  Pfc/2<t^- 
In  the  simulation  we  assume  that  router  node  F  is 
the  closest  node  to  node  C.  then  node  A  ,  and  node 
E,  respectively.  But,  because  these  nodes  are  uniformly 
deployed,  thus  their  distances  from  node  C  are  not  so 
different  Consequently,  we  have  set  the  powers  of  the 
signal  tones  received  at  node  C  as  Ppc  =  1.1  Pac  = 

1  2 Pec-  Furthermore,  it  is  assumed  that  the  external 
IEEE  802  1 1  b  network  is  operating  on  one  of  the  three 
non  overlapping  channels  in  2  4  GHz  band  So,  p  is  set 
to  approximately  0  3  and  p\  =  p 2  =  /;  =  0.3  due  to 
interleaving  hopping  patterns. 

From  Fig.  3.  we  can  observe  that,  regardless  of  SIR 
value,  the  BFR  obtained  when  C— >F  is  assigned  with 
hopping  pattern  I  always  larger  than  that  with  hopping 
pattern  2.  the  CA  algorithm  thus  assigns  hopping  pattern 

2  to  C<~>F.  It  can  be  observed  that  the  interference  noise 
contributes  a  very  little  effect  on  our  selection  for  the 
most  appropriate  pattern  This  is  because  we  assumed 
hopping  patterns  are  interleaving  .hence  the  effect  of 
interference  noise  appears  as  a  constant  offset  on  every 
pattern  and  get  cancelled  when  the  BFR's  for  each 
pattern  are  accounted  in  comparison 

Now.  if  we  drop  the  requirement  for  interleaving  hop 
ping  patterns,  each  pattern  will  be  differently  exposed  to 
the  interference  noise  and.  in  this  case,  the  selection  can 
be  made  more  accurately  if  the  interference  noise  is,  as 
well,  considered.  Fig.  4  illustrates  the  BER  performances 
for  the  same  example  in  Fig.  3  but  with  non  interleaving 
hopping  patterns.  To  obtain  the  result  in  the  figure,  we 


Fig.  3  The  NC-FH/4FSK  performances  obtained  from 
the  combined-jamming  interference  model  when  C*->F  is 
assigned  with  interleaving  hopping  patterns 


Fig.  4.  The  NC-FH/4FSK  performances  obtained  from 
the  combined-jamming  interference  model  when  C«->F  is 
assigned  with  non-interleaving  hopping  patterns. 


assumed  the  total  number  of  jammed  FH  bands,  Nj  = 
pN  =  0  3  x  78  ~  23  is  differently  partitioned  into  pattern 
1  and  pattern  2.  four  jammed  FH  bands  to  pattern  1 
and  the  rest  nineteen  to  pattern  2.  Obviously,  we  can 
observe  that  the  choice  of  appropriate  pattern  is  now 
depending  not  only  on  the  interference  tones  but  also  on 
the  external  interference  noise  received  at  node  C.  Unless 
the  interference  noise  is  received  with  SIR  lower  than 
8  dB,  pattern  2  will  be  the  most  appropriate  choice  for 
C*->F.  Comparing  with  the  result  from  Fig.  3.  we  can  see 
clearly  the  influence  of  the  external  interference  noise  on 
the  choice  of  appropriate  pattern  when  non  interleaving 
patterns  are  used. 

6  Extended  Study:  NC-FH/MFSK  per¬ 
formance  UNDER  WORST-CASE  IMTJ  AND 
PBJ 

As  a  direct  benefit  from  the  SER  derivations  in  Sec 
tion  2  and  Section  3,  in  this  section,  we  further  inves 
tigate  the  performance  of  NC-FH/MFSK  system  with 
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Rician  fading  channels  under  1MTJ  and  PBJ  strategies. 
First,  we  consider  the  performance  of  the  system  under 
each  jamming  strategy  seperately  and  then  we  compare 
them  together  to  determine  the  most  effective  strategy- 
provided  that  the  total  power  of  the  interference  at  the 
receiver,  P3t,  is  fixed.  Starting  from  this  point,  we  will 
define  the  signal  to  jamming  ratio  as 


SJR  = 


Eb_ 

N,r 


p3nm 

P]Tlog2{M) 


(30) 


Since  Br  and  Eb  are  constant  system  parameters,  SJR 
is  inversely  proportional  to  P3j. 


6.1  NC-FH/MFSK  performance  under  worst-case 
IMTJ 

Figure  5  represents  the  plot  of  the  BER  performances  for 
NC  FH/4FSK  system  with  Rician  fading  channel  against 
the  tone  jamming  ratio  or  7.  which  is  the  ratio  between 
number  of  equal  power  interference  tones  transmitted 
from  the  jammer  and  the  total  number  of  FH  bands  in  the 
entire  bandwidth,  i.e.  7  =  q/N  As  SJR  varies  from  0  to 
25  dB,  Pjt  decreases  from  2000 Ps  to  2 Ps\  each  SJR  curve 
then  represents  a  fixed  P,T-  As  we  initially  increased 
q  by  increasing  7,  the  BFR  value  tends  to  increase. 
This  is  because  increasing  q  will  increase  t fie  chance 
that  an  interference  tone  will  get  to  jam  the  hopping 
signal  frequency  Though  increasing  q  will  also  reduce 
the  inidividual  interference  tone  power  (Pj  =  Pjt/q). 
but  because  P3t  is  started  with  a  value  much  larger  than 
Ps  (for  example.  P3  -  200 Ps  at  SJ  R=  lOdB)  and,  at  the 
beginning,  q  is  only  a  small  number,  the  resulting  P3  is 
still  larger  than  Ps  and  strong  enough  to  cause  the  bit 
error  in  the  system 


signal  from  interference  tones  and  system  BER  starts  to 
decrease;  this  causes  the  BER  peaks  as  seen  in  Figure  5 
for  SJR  =  5  to  25  dB.  Similar  result  is  also  reportted  in 
Figure  6  of  [3] .  However,  it  should  be  noted  that  the 
probability  of  symbol  error  given  a  hop  is  jammed  by  rt 
interference  in  the  signal  branch  was  calculated  in  (19) 
of  [3]  using  a  double  integral  equation  while,  in  (16) 
in  our  analysis,  the  same  probabilty  is  evaluated  more 
efficiently  by  via  a  single  integration. 

Until  now,  we  have  seen  how  the  total  number  of 
interference  tones  (q)  affects  the  BER  of  the  system.  To 
deploy  the  total  interference  power  effectively,  we  must 
find  the  number  of  interference  tones,  which  introduces 
the  highest  BER  to  the  system,  so  called  worst  case 
number  of  interference  tones  (qwc).  From  Fig.  5,  qwc  can 
be  determined  via  7  at  each  BER  peak  and  it  is  not 
surprising  that  qwc  in  this  case  is  the  value  of  q  that 
makes  P3  ^  P9. 

Unfortunately,  due  to  the  complexity  of  the  total  SER 
expression,  there  is  no  closed-form  formula  for  deter 
mining  the  exact  qwc.  Besides,  results  from  extensive 
simulations  have  shown  that  qvtc  varies  not  only  with 
SJ R,  but  also  with  the  characteristics  of  fading  channels. 
To  determine  the  exact  qwc,  system  performance  must 
be  numerically  plotted  every  time  the  channels  change. 
The  procedure  is  time  consuming  and,  apparently,  im 
practical.  Nevertheless,  we  have  observed  from  recursive 
simulations  that,  regardless  of  the  channel  conditions, 
the  BER  peaks  for  low  to  moderate  SJR  values  (5dB  to 
20dB)  are  normally  broad  enough  to  allow  the  values  in 
vicinity  to  be  nearly  as  effective.  So,  if  a  small  error  is 
tolerable,  the  qwc  for  low  to  moderate  SJR  can  always 
be  estimated  instantly  by  qwc  ~  RjT / E» • 


Fig.  5.  BER  performances  for  NC-FH/4FSK  with  Rician 
fading  channels  against  the  tone  jamming  ratio, 7,  at  vari¬ 
ous  SJR  values. 

However,  after  certain  values  of  q  where  individual 
interference  tone  power  P3  become  more  critical,  increas 
ing  q  will  now  reduce  the  P3  even  further.  Although 
the  bandwidth  Br  is  occupied  by  more  and  more  in 
terference  tones  as  q  increases,  but  these  tone  are  now  at 
very  low  power.  So.  the  receiver  can  better  differentiate 


6.2  NC-FH/MFSK  performance  under  worst-case 
PBJ 

Unlike  IMTJ,  the  performance  of  NC-FH/MFSK  under 
PBJ  and  the  closed- form  expression  for  calculating  the 
most  efficient  jamming  ratio  or  the  worst-case  jamming 
ratio  (/)XL,C)  for  the  strategy  have  been  widely  studied  in 
many  publications.  In  |4],  the  inverse  linear  relationship 
between  BER  and  Eb/NjT  has  been  discovered  and, 
without  the  effect  of  AWGN  and  fading  channel  the 
condition  for  the  worst-case  NC  FH/MFSK  performance 
has  been  provided.  In  [6],  the  worst  case  performance  of 
NC-FH/MFSK  under  PBJ  has  been  considered  with  the 
effect  of  AWGN  being  accounted.  It  has  been  shown  that 
Pwc  is  proportional  to  a  constant  that  depends  on  Eb/N 0 
and  inversely  proportional  to  Eb/N3r .  Further  in  [8] ,  pwc 
for  PBJ  strategy  on  NC-FH/BFSK  system  with  AWGN 
and  Rician  channel  has  been  provided  in  a  closed  form 
expression,  which  also  indicates  the  inverse  relationship 
between  pwc  and  Eb/N3r . 

It  can  be  observed  that,  though  accounts  for  both 
AWGN  and  Rician  fading  channel,  the  closed  form  ex 
pression  for  pwc  in  [8]  is  only  applicable  to  NC-FH/BFSK 
(M  =  2).  For  the  general  case  of  NC-FH/MFSK,  the 


II 


complexity  of  the  BER  expression  increases  dramatically 
and  solving  for  pwc  from  mathematical  approach  is 
nearly  impossible.  However,  from  the  findings  of  the 
previous  studies,  it  is  reasonable  for  us  to  speculate 
also  the  same  inverse-proportion  relationship  between 
pu,c  and  Eb/Njr  for  the  case  of  NC  FH/MFSK  system 
with  AWGN  and  Rician  channel  In  fact,  the  results  from 
our  simulations  has  actually  verified  the  existence  of  the 
inverse  proportion  relationship.  So.  Eb/No  and  Eb/Njr 
are  defined  as  signal-to  noise  ratio  (SNR)  and  signal 
to  jamming  ratio  (SJR),  the  condition  for  pwc  can  be 
expressed  as 

1.  SJR<A 

„  v  (31) 

7mn(  sTr  !  1 ) '  SJR>A 

For  a  given  A7.  constant  A  depends  only  on  SNR  while 
constant  3  depends  on  both  the  Rician  factor  of  the 


signal  tone,  K\,  and  SNR  The  numerical  values  of  A 
and  3  can  be  found  in  Table  2(a)  for  M  =  4  and  in 
Table  2(b)  for  M  —  16.  For  any  other  values  of  STV/f 
and  K\,  we  also  provide  the  general  expression  for 
estimating  puic  as 

'  1 

SJR  <  C  or  SNR  <  MB  or  Kx  <  2 dB 

0.5, 

C  <  SJR  <  (C  +  3 dB) 

0.2, 

(C  +  MB)  <  SJR  <  (C  +  MB) 

Pest. 

,U>C  —  ^ 

0.1  , 

(C  +  MB)  <  SJR  <  (C  4  9 dB) 

0.07 . 

(C  +  9 dB)  <  SJR  <  (C  +  1 1  dB) 

0.03, 

(C  +  ]]<//?)  <  SJR  <  25 dB 

0.01  , 

SJR  >  25 dB 

where,  for  a  given  A/.  C  is  a  constant  depending  on  SNR 
and  1\\.  The  numerical  value  for  C  is  provided  in  Table  3. 

It  should  be  noted  that  pcst_wc  is  only  a  value  of  the 
jamming  ratio,  which  causes  almost  as  large  BER  as  the 
actual  worst  case  one.  Thus,  it  may  not  be  the  same  value 
as  the  actual  pwc  given  by  (31).  Also,  when  calculating 
for  pWi.  or  pnst_wc .  one  should  be  advised  that  SJR  in 
(31)  must  be  used  in  linear  scale  while  that  in  (32)  is 
proper  with  dB 

The  worst-case  BER  performances  for  NC-FH/4FSK 
system  with  Rician  fading  channel  under  PBJ  is  pre¬ 
sented  in  Fig.  6.  Compared  to  broadband  jamming  (BBJ, 
P  =  1).  the  BER  obtained  using  pu,c  is  higher  than 
that  obtained  using  p=  1;  thus,  we  can  see  clearly  the 
effectiveness  of  the  PBJ  strategy  using  pu,c,  as  oppose 
to  thal  with  a  fixed  p  value.  Also,  it  should  be  noted 
thal  the  BER  obtained  from  pcst  u,c  is  almost  as  high  as 
that  obtained  using  the  actual  pwc. 

6.3  Comparison  between  worst-case  IMTJ  and 
worst-case  PBJ 

The  BER  performances  of  NC-FH/4FSK  system  under 
worst  case  IMTJ  and  worst  case  PBJ  are  compared  in 


TABLE  2 

Constants  A  and  3  for  determining  the  worst-case 
jamming  ratio  (pwc) 


(a)  MM 


SNR 

A 

B 

(dB) 

5 

7 

K\  (dB) 

10  13 

15 

100 

8 

7.20 

4.25 

2.90 

2.40 

T2T- 

200 

10 

"TR 

4  10 

2~8l 

2.14 

Tsr~ 

i  T3 

— TT) 

"1V35- 

T3T~ 

2.85 

2.15 

1  70 

JW 

i  45 

“TT? 

1.40 

2.65 

200 

1  60 

1.45 

nr 

1.30 

20 

\JS~ 

2.35 

1.80 

on 

05“ 

l  30 

1.20 

W 

tzt 

2.20 

1  75 

1  45 

1.30 

\J5~ 

1.20 

(b)  M 

=  16 

SNR 

A 

B 

(dB) 

5 

7 

10  13 

15 

100 

1  65 

2.55 

rsr- 

1.40 

1.20 

1.15 

rr 

10 

1  20 

2.00 

1.50 

1  20 

1.05 

1.00 

0.95 

13.35 

095 

1.65 

1.30 

1.05 

095 

0.90 

0  85 

15 

0  90 

1.55 

1.25 

1.00 

0  91 

0.90 

085 

20 

0  80 

1  45 

115 

0.95 

090 

085 

0.80 

lor- 

0.80 

1  4tf 

1.15 

0  95 

TST 

0  85 

“a5(5 

TABLE  3 

Constant  C  for  determining  the  estimated  worst-case 
jamming  ratio  (pent_V} c) 


SNR 

A/ 

cTir) 

3  to8  dB 

K  i 

8  to  15dB 

>  15  dB 

2 

oo 

15 

7 

4 

12 

6 

5 

5to8dB 

8 

8 

4 

3 

16 

6 

3 

2 

32 

4 

2 

1 

2 

8 

6 

5“" 

4 

6 

3 

3 

8  to  1 5  dB 

8 

4 

2 

1 

16 

3 

1 

1 

32 

2 

1 

0 

2 

7 

5 

4 

4 

5 

3 

2 

>  1 5  dB 

8 

3 

1 

1 

16 

2 

1 

0 

32 

1 

0 

1 

Fig.  7.  Here,  we  obtained  the  BER  curve  for  IMTJ  just 
by  taking  the  peak  BER’s  at  various  SJ R  curves  shown 
in  Fig.  5  It  can  be  seen  that  the  worst-case  PBJ  always 
causes  higher  BFR  to  the  system  than  IMTJ.  regardless 
of  the  SJR  values  Hence,  for  NC-FH/4FSK  with  Rician 
fading  channels  and  given  the  values  of  P3  and  />•  i-e. 
a  fixed  SJR,  PBJ  will  be  more  effective  jamming  strategy 
than  IMTJ.  On  the  other  hand,  if  we  compare  IMTJ  to  the 
BBJ,  we  can  observe  that,  at  low  SJR.  the  BBJ  strategy 
will  cause  higher  BER  to  the  system  than  IMTJ  does; 
but.  at  moderate  to  high  SJR,  it  is  IMTJ  that  introduces 
higher  BER  to  the  system 

7  Conclusion 

In  this  paper,  we  have  analyzed  lhe  BER  performance  of 
NC-FH/MFSK  system  with  AWGN  and  Rician  fading 
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SJR  (dB) 

Fig.  6.  Comparison  of  BER  performances  for  NC- 
FH/4FSK  under  BBJ,  worst-case  PBJ,  and  estimated 
worst-case  PBJ 


Fig.  7  Comparison  of  BER  performances  for  FH/4FSK 
under  BBJ,  worst-case  PBJ,  and  worst-case  IMTJ 

under  IMTJ  and  PBJ.  The  results  the  analyses  are  benefit 
not  only  to  the  prediction  of  the  system  performance 
under  the  jamming  scenarios,  but  also  in  modeling  in 
terferences  in  MR  FH  WMNs.  We  have  observed  that  the 
interference  tones  in  IMTJ  strategy  are,  in  fact,  similar  to 
the  cochannel  interference  in  MR  FH  WMNs  and  any 
wideband  interference  from  the  coxisting  network  out 
side  of  the  mesh  can  also  be  modeled  as  the  partial  band 
interference  in  PBJ  strategy.  Consequently,  the  combined 
jamming  interference  analysis  has  been  developed  to 
account  for  the  cochanel  and  coexisting  network  inter 
ferences  in  MR-FH  WMNs.  Next,  we  have  illustrated  the 
usefulness  of  the  combined  jamming  model  through  the 
channel  assignment  problem  in  a  rural  IEEE  802  1 1  MR 
FH  WMN  By  incorporating  the  developed  model  into 
a  CA  algorithm,  typically  used  for  assigning  channels 
to  IEEE  802  1  1  a/b/g  MR  WMNs,  we  have  enabled 
the  algorithm  to  estimate  the  cost  assoiciating  with  the 
assignment  of  a  hopping  pattern  to  a  radio  interface  of 
router  node  and  allowed  it  efficiently  manage  the  shared 
frequency  resource. 

As  an  additional  study,  we  also  investigated  the  per¬ 
formance  degradation  of  NC-FH/MFSK  system  under 


IMTJ  and  PBJ  strategies  with  AWGN  and  Rician  fading 
channel  being  accounted.  For  IMTJ  with  low  to  moderate 
SJJJ,  we  can  estimate  qwc  or  the  worst  case  number  of 
interference  tones  by  choosing  q  that  makes  the  power  of 
each  interference  tone  approximately  equal  to  the  signal 
tone  power,  i.e.  P3  ss  Then,  for  the  case  of  PBJ,  we 
have  provided  not  only  an  expression  for  evaluating  the 
actual  worst  case  jamming  ratio,  but  also  an  expression 
to  estimate  the  pu,Ct  which  is  applicable  to  almost  all  Al¬ 
ary  FH/FSK  system  and  fading  condition  Plotted  BER 
curves  has  verified  the  effectiveness  of  PBJ  using  pwc  or 
Pcst,„c  over  BBJ  with  p  =  1.  Finally,  we  have  compared 
the  performance  of  IMTJ  and  PBJ  strategies  and  it  is 
observed  that,  for  NC  FH/4FSK  with  AWGN  and  Rician 
channel,  IMTJ  strategy  is  less  effective  than  PBJ  strategy. 

Acknowledgments 

This  work  was  supported  in  part  by  National  Science 
Foundation  (NSF)  under  Grant  CNS  0721515  and  CNS 
0831902,  and  Office  of  Naval  Research  (ONR)  under 
Grant  N00014  07  1  0395  and  N00014  07  1  1024. 

References 

|1}  R  C  Robertson  and  J  F  Sheltry.  "Multitone  Interference  of 
Frequency* Hopped  Noncoherent  MFSK  Signals  Transmitted  Over 
Ricean  Fading  Channels."  IEEE  Trans  Comm .  vol  44.  no.  7  pp 
867-875.  July  1996 

|2]  T  T.  Tjhung  and  C.  C  Chai,  “Multitone  Jamming  of  FH/BFSK  in 
Rician  Channels."  IEEE  Trans  Comm,  vol  47.  no  7.  pp.  974  978, 
July  1999 

(3)  Z.  Yu  T.  T  Tjhung.  and  C  C.  Chai.  "Independent  Multitone 
Jamming  of  FH/MFSK  in  Rician  Channels.”  IEEE  Trans  Comm . 
vol.  49.  no  11.  pp.  2006-2015.  November  2001 

(4)  S  W.  Houston,  Modulation  Techniques  for  Communications.  Part 
1  Tone  and  Noise  Jamming  Performance  of  Spread  Specturm  M- 
ary  FSK  and  2.  4-ary  DPSK  Waveforms."  IEEE  NAECON75  Roc . 
pp  51-58.  June  1975 

(5)  B  K.  Levitt.  "FH/MFSK  Performance  in  Multitone  Jamming.”  IEEE 
Journal  on  Selected  Areas  in  Comm.,  vol  SAC-3,  no.  5.  pp.  627  643. 
September  1985. 

|6]  W.  E.  Stark.  "Coding  for  Frequency-Hopped  Spread  Spectrum 
Communication  with  Partial-Band  Interference  Part  11  Coded  Per¬ 
formance."  IEEE  Trans  Convn,  vol  33.  no  10.  pp  1045-1057. 
October  1985 

|7J  J  S.  Bird  and  E  B  Felstead.  "Antijam  Performance  of  Fast 
Frequency- Hopped  M-ary  NCFSK-An  Overview.”  IEEE  Journal  on 
Selected  Areas  in  Comm ,  vol  SAC-4,  no  2.  pp  216-233.  March  1986 
|8]  A  A.  Ali,  “Worse  Case  Partial-Band  Noise  Jamming  of  Rician 
Fading  Channels."  IEEE  Trans  Coninv.  vol  44.  no  6,  pp  974  978. 
June  1996 

[9|  1.  F.  Akyildiz,  X.  Wang,  and  W  Wang.  "Wireless  Mesh  Networks: 
A  Survey."  Computer  Networks,  vol.  47.  no.  4.  pp  445  487  March 

2005 

(10]  S.  Avallone.  and  1.  F.  Akyildiz,  “A  Channel  Assignment  Algorithm 
for  Multi-Radio  Wireless  Mesh  Networks."  Computer  Communica 
tions.  vol.  31.  no.  7.  pp  1343-1353,  May  2008. 

(Ill  A.  Raniwala.  and  T.  Chiueh.  "Architecture  and  Algorithms  for  an 
IEEE  802. 11  -Based  Multi-Channel  Wireless  Mesh  Network."  IEEE 
INFOCOM.  vol  3.  pp  22232234.  2005 
[121  K  N  Ramachandran,  E.  M.  Belding.  K.  C  Almeroth.  and  M  M 
Buddhikot.  "Interference- Aware  Channel  Assignment  in  Multi 
Radio  Wireless  Mesh  Networks."  2006  Proc  of  IEEE  INFOCOM. 
pp  1-12.  April  2006. 

1 131  A  Mishra.  V  Shrivastava.  S.  Banerjee.  and  W  Arbaugh.  “Partially 
Overlapped  Channels  Not  Considered  Harmful."  ACM  SICMET 
RICS  Performance  Evaluation  Review,  vol  34.  issue  I .  pp.  63-74.  June 

2006 


(14)  H  Skalli,  S.  Ghosh,  S  K  Das,  L.  Lenz.ini.  and  M  Conti.  “Channel 
Assignment  Strategies  for  Multi  Radio  Wireless  Mesh  Networks: 
Issues  and  Solutions."  IEEE  Comm  Magazine,  vol.  45.  issue  11. 
pp  86-95  November  2007 

(15)  A  P  Subramanian.  H.  Gupta.  S  R  Das.  and  J.  Cao.  “Minimum 
Interference  Channel  Assignment  in  Multi-Radio  Wireless  Mesh 
Networks."  IEEE  Trans.  Mobile  Computing  .  vol.  7.  no.  1 1  November 
2008 

1 1 6]  B  P  Crow.  1  Widjaja.  J.  G  Kim.  and  P  T  Sakai.  “IEEE  802.11 
Wireless  Local  Area  Networks."  IEEE  Comm.  Magazine,  vol.  35. 
no  9.  pp  116-126  September  1997 

(17)  W  Ve.  J.  Heidemann.  and  D  Estrin.  "Medium  Access  Control  with 
Coordinated  Adaptive  Sleeping  for  Wireless  Sensor  Networks  "  . 
IEEE/ACM  Trans  on  Networking,  vol  12  issue  3.  pp.  493-506.  June 
2004 

1 18]  A  Sheth.  C.  Doerr,  D  Grunwald.  R  Han.  and  D  Sicker.  “MOJO 
A  Distributed  Physical  Layer  Anomaly  Detection  System  for  802.1 1 
WLANs."  Fourth  /ntemational  Conference  on  Mobile  Systems.  Appli¬ 
cations  and  Services  (MobiSys).  pp  191-204.  2006 

1 19]  J  Wu.  and  F.  Dai.  “Mobility-Sensitive  Topology  Control  in  Mobile 
Ad  Hoc  Networks."  .  IEEE  Trans  on  Paralell  and  Distributed  Systems, 
vol  17.  no  6  pp  522-535.  June  2006. 

(20)  W  Lou.  and  Y  Fang.  A  Sursey  on  Wireless  Security  in  Mobile  Ad 
Hoc  Networks:  Challenges  and  Possible  Solutions, a  book  chapter  in  Ad 
Hoc  Wireless  Networking.  Kluwer.  pp.  319-364.  May  2003 

(21)  J  Wu  Handbook  of  Theoretical  and  Algorithmic  Aspects  of  Ad  Hoc, 
Sensor,  and  Peer-to-Peer  Networks.  Auerbach  Publications.  2006 

|22)  A  D  Whalen.  Detection  of  Signal  in  Noise  New  York  Academic 
Press.  1971. 

(23)  J  G  Proakis,  Digital  Communications,  2nd  ed.  New  York:  McGraw 
Hill.  1989 

(24)  1  S  Gradshteyn.  and  1.  M  Ryzhik.  Table  of  Integrals,  Series,  and 
Products.  Alan  Jeffrey,  editor  (translated  from  the  Russian  by  Script  a 
Technics,  Inc),  Boston  Academic  Press.  1994 

1 25)  M  Schwartz,  Mobile  Wireless  Communications,  Cambridge  Univer 
sity  Press.  2005 


